Stem cell transplantation holds great promise as a potential treatment for currently incurable retinal degenerative diseases that cause poor vision and blindness. Recently, safety data have emerged from several Phase I/II clinical trials of retinal stem cell transplantation. These clinical trials, usually run in partnership with academic institutions, are based on sound preclinical studies and are focused on patient safety. However, reports of serious adverse events arising from cell therapy in other poorly regulated centers have now emerged in the lay and scientific press. While progress in stem cell research for blindness has been greeted with great enthusiasm by patients, scientists, doctors and industry alike, these adverse events have raised concerns about the safety of retinal stem cell transplantation and whether patients are truly protected from undue harm. The aim of this review is to summarize and appraise the safety of human retinal stem cell transplantation in the context of its potential to be developed into an effective treatment for retinal degenerative diseases.
Introduction
Inherited and age-related retinal degenerations, taken together, are the main causes of currently untreatable blindness worldwide (Verbakel et al., 2018; Wong et al., 2014) . Over 30 million people worldwide are affected by various forms of retinal degeneration (https://nei.nih.gov/ eyedata). Inherited forms of retinal degeneration often start manifesting in childhood, whereas non-exudative or dry age related macular degeneration (dAMD), an acquired retinal degenerative disease, typically affects older individuals. Both inherited and acquired retinal degeneration can significantly impair vision, with the eventual occurrence of severe vision loss or complete blindness in many affected individuals.
The recent approval of gene therapy with Luxturna™ (voretigene neparvovec-rzyl) for inherited retinal degeneration caused by mutations in the RPE65 gene provides hope for a potential cure for at least the recessively inherited forms of this disease that affect a relatively small number of patients (Apte, 2018) . Unfortunately there are no FDAapproved gene-or stem cell-based therapies yet that target other genetic subtypes of inherited retinal degeneration, dAMD, or exudative AMD (Singh and MacLaren, 2018) . Furthermore in many cases, the irreversible loss of photoreceptors in later stages would make gene therapy ineffective.
Therefore, regenerative medicine in the form of cellular replacement therapy for retinal degenerative diseases holds great promise, as the same therapeutic agent could be used irrespective of the underlying genetic or acquired cause (Pan et al., 2013) . Modern stem cell technologies have yielded clinical grade cellular therapies that are under investigation for retinal degenerations from both human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) (Drukker et al., 2006; Odorico et al., 2001; Polak and Bishop, 2006; Takahashi et al., 2007; Yu et al., 2007) . Sadly, however, some have exploited public enthusiasm for stem cell-based therapies by performing https://doi.org/10.1016/j.preteyeres.2019.100779 Received 1 October 2018; Received in revised form 29 August 2019; Accepted 2 September 2019 treatments with almost no scientific validation Turner and Knoepfler, 2016) .
The promising success of research in legitimate stem cell therapies has increased public awareness, enthusiasm, and hope amongst patients with a number of different debilitating diseases, not only in ophthalmology, but also in other medical specialties. Almost universally, such hope has taken on the flavor of hype. In 2014, a group of European orthopedic surgeons and scientists published a list of ethical concerns as regards the rapidly expanding worldwide field of regenerative medicine in orthopedics (Niemansburg et al., 2014) :
"The experts worried about the hype of [regenerative medicine], which is partially caused by the drive for profit of industries and by the high expectations of researchers for providing a definite cure for diseases that are now intractable. [ The experts] were worried that these secondary interests [could] cause a lack of scientific integrity in [regenerative medicine] research. One of the consequences could be … improper design of clinical studies. Many observed that a consequence of the hype and profit drive in orthopedic surgery is that interventions [could be] commercialized too soon without proper research beforehand. " This projection has been realized recently in unproven "stem cell" therapy for retinal diseases. This review aims to summarize and discuss the safety of human retinal stem cell transplantation in the context of its therapeutic potential.
Advantages of the eye as a target organ
The eye, and specifically the retina, is an excellent target for cellular replacement therapies for several reasons. First, the transplantation site and cells can be monitored directly via clinical examination and high resolution retinal imaging devices. There are also many clinical measures of visual function, including visual acuity, contrast sensitivity, microperimetry, electrophysiology and dark adaptation. Second, the small size of the intraocular tissues permits the use of smaller volumes and numbers of replacement cells compared to other bodily organs. Third, surgical accessibility to the eye and the retina permits the delivery of cells in suspension, or as sheets on a scaffolding material that could promote the survival of transplanted cells (Tomita et al., 2005) . Finally, unlike other central nervous system structures, the retina contains a non-synaptic layer-the retinal pigment epithelium (RPE)-which may be more amenable to cellular transplantation than photoreceptors or retinal ganglion cells that require synaptic connections to adjacent cells (Strauss, 2005) .
Stem cell treatment strategies
Stem cell-based therapies are envisioned as potential treatments, or perhaps even cures, for several currently untreatable forms of retinal degeneration (Bharti, 2018; Jha and Bharti, 2015) . Two distinct approaches of stem cell-based therapies are being developed: 1) Transient dosing strategy that uses multipotent stem cells or ocular progenitor cells, that are delivered in a non-polarized fashion, to provide non-selective neuroprotective and/or immune-modulatory factors to likely provide a treatment effect that is time-limited by the viability and secretory capacity of the transplanted cells; 2) Permanent implantation strategy that uses pluripotent stem cellderived retinal photoreceptor and/or RPE cells, aiming to replace the same class(es) of atrophied cells (Song and Bharti, 2016) . Based on the kind of damage ensued in a given disease state, these two approaches are being tested for different disease indications and at different disease stages.
Here we provide an overview of both these approaches as a context within which to discuss the safety of retinal stem cell therapy.
Transient-dosing strategy
The idea of using a transient dose of stem cells and their derivatives as potential treatment for retinal degenerative diseases follows from earlier studies on the use of neuroprotective factors in the eye. Ciliary neurotrophic factor (CNTF) has been studied widely for its protective effects on the retina, particularly the photoreceptors (Wen et al., 2012) . Injections of CNTF and other neuroprotective factors (e.g. glial-derived neurotrophic factor or GDNF) demonstrated photoreceptor protective effects in animal models of retinal degeneration (Chong et al., 1999; Frasson et al., 1999) . Encapsulated CNTF implants were considered safe in phase I clinical trials in patients with retinitis pigmentosa, macular telangiectasia type 2, and geographic atrophy in dAMD, and are currently being tested in phase II clinical trials (Chew et al., 2015; Kauper et al., 2012; Sieving et al., 2006) . For RP, there was no therapeutic benefit of CNTF administration in the short term (12 months) in terms of visual acuity or visual field sensitivity (Birch et al., 2013) . Long term observation indicated greater visual field loss in treated eyes compared to explanted eyes or sham eyes through 42 months. Over 60-96 months, there was no evidence of therapeutic benefit of CNTF administration for visual acuity, visual field sensitivity, or retinal structure in treated subjects (Birch et al., 2016) .
This work also led to the hypothesis that perhaps a broader sub-set of neuroprotective factors secreted by stem cells and their derivatives will have a stronger therapeutic effect in the eye. Previous and current efforts have tested multiple different cell types in preclinical animal models and in phase I/IIa trials (detailed review in (Singh and MacLaren, 2011) , (Bharti et al., 2014) , (Canto-Soler et al., 2016) , and (Singh and MacLaren, 2018) ). Umbilical cord derived stem cells (clinicaltrials.gov identifier NCT02895815) and fetal brain derived neural progenitor stem cells (clinicaltrials.gov identifier NCT01632527) have been tested in phase I and II trials for the "dry" form of AMD. Although both these transplants were considered safe in these early stage trials, both studies have now been terminated (Clinicaltrials.gov). The reason of discontinuation of these two trials is not fully clear, but it is worth noticing that neither of these two cell types are of ocular origin. Furthermore, it is possible that dAMD is not the ideal target for this kind of cell therapy approach.
More recent efforts in this field feature the use of cell types of ocular origin, i.e. retinal progenitor cells (RPCs) isolated from fetal human eyes, to target inherited forms of RP (Klassen, 2016; Luo et al., 2014; Schmitt et al., 2009; Warfvinge et al., 2006) . JCyte, a California-based company, is testing the intravitreal delivery of RPCs (clinicaltrials.gov identifier NCT03073733), whereas Reneuron, a Boston-based company, is testing the subretinal delivery of similar cells for RP (clinicaltrials.gov identifier NCT02464436). RPC transplantation as potential treatment of retinal degeneration is possibly more specific in its therapeutic mechanism as compared to bone marrow derived stem cells or neural stem cells. Preclinical evidence suggests that, at least in some cases, transplanted RPCs retain their capacity to differentiate into certain retinal cell types, albeit at a low efficiency Tucker et al., 2010; Yao et al., 2015) . Thus, subretinal RPC transplantation may create a permanent tissue repair effect through actual photoreceptor regeneration.
The rather stochastic differentiation of transplanted RPCs into different cell types of the retina raises two additional challenges: the mechanism and magnitude of action may be inconsistent from patientto-patient, and under allogeneic conditions tested in these trials, retinal cell types differentiated from RPCs may be subject to different immune surveillance as compared to the naïve RPCs. Data suggest that even autologous tissue may rarely suffer immune-mediated damage (van Meurs et al., 2018) . The actual therapeutic window target for both of these cell types may need further study and optimization. If allogeneic RPCs show efficacy in patients, they may potentially provide an "offthe-shelf" therapy for various forms of retinal degeneration.
Permanent implantation strategy
This approach aims to replace damaged or atrophied tissue in the retina. In addition to providing trophic support similar to stem cell suspension transplants, these replacement eye tissues are intended to restore most, if not all, tissue functions that are lost in the advanced disease stage. The idea of permanent transplantation is supported by earlier clinical studies on autologous RPE-choroid translocation surgery (Jha and Bharti, 2015) . In this procedure, a small piece of RPE-choroid isolated from the retinal periphery in an AMD patient's eye is translocated into the macula and positioned in the area of RPE atrophy (Joussen et al., 2006; Maaijwee et al., 2007a Maaijwee et al., , 2007b Maaijwee et al., , 2008 . In the small number of patients where this surgery worked, and the transplant integrated, vision was stabilized for several years. Furthermore, this work provided critical proof-of-principle data that an RPE patch could be developed as a potential treatment for AMD.
Concurrent with these surgical advances to deliver an RPE transplant to the back of the eye (da Cruz et al., 2007) , stem cell scientists were developing methods to differentiate RPE from stem cells (Bertolotti et al., 2014) . Together, these two developments made current day RPE transplants feasible for AMD patients. Starting with the work of Klimanskaya et al., in 2004 (Klimanskaya et al., 2004 ) that isolated and characterized pigmented cells during spontaneous differentiation of ESCs to more recent developmentally-guided protocols, researchers have reproducible generated fully-mature and functional RPE cells from both iPSCs and ESCs (Bharti et al., 2011; Idelson et al., 2009; Klimanskaya et al., 2004; May-Simera et al., 2018; Miyagishima et al., 2016) . In directed differentiation of ESCs and iPSCs, cells follow a developmental path akin to the normal embryonic development of the RPE via the optic neuro-ectoderm, eye-field stage, committed RPE progenitors, immature RPE, to mature RPE (Bharti et al., 2006 (Bharti et al., , 2011 Meyer et al., 2009 ). This directed differentiation likely promotes the establishment of the precise epigenetic marks that promote the conversion of pluripotent stem cells into mature and functional RPE cells (May-Simera et al., 2018) .
In contrast to ESCs and iPSCs, adult RPE stem cells (RPESCs) provide a completely different lineage-committed source for deriving RPE cells for transplantation. Recent work shows the presence of RPESC in cultures of RPE cells isolated from cadaver human eyes (Salero et al., 2012) . Under appropriate culture conditions, these stem cells can be differentiated again into RPE cells that are currently being developed for a cell therapy for AMD patients (Blenkinsop et al., 2013 (Blenkinsop et al., , 2015 Davis et al., 2016 Davis et al., , 2017 Saini et al., 2016; Stanzel et al., 2014) . While the restricted lineage potential of adult RPESCs suggests possibly enhanced safety over that of ESC-and iPSC-derived RPE cells, adult RPESC derived RPE cells may present other challenges. For instance, recent evidence suggests that cadaveric RPE cells may retain cellular endophenotypes of aging and disease which may limit their potential as an effective therapeutic substrate (Golestaneh et al., 2017) .
Multiple approaches are being pursued to develop RPE transplants and in the near future several trials will hopefully be completed using RPE transplants derived from these various stem cell types.
Treatment concepts and preclinical data

RPE transplantation
Two different approaches are being tested for RPE transplantationthe injection of a bolus of RPE cell suspension and the transplantation of a monolayer patch of RPE cells (Bharti et al., 2011 (Bharti et al., , 2014 . As per the 21st Century Cures Act signed by President Obama, the monolayer patch approach may be considered an advanced cell therapy product since it requires tissue engineering (Hudson and Collins, 2017) .
In a landmark study, an ESC-derived RPE cell suspension was tested in a phase I/IIa trial for patients with AMD and Stargardt disease (Schwartz et al., 2012 (Schwartz et al., , 2015b . After a two-year patient follow up, the investigators concluded that ESC-RPE cells were safe and did not cause any serious adverse events (Schwartz et al., 2012 (Schwartz et al., , 2015b . It is, however, not clear if a suspension of RPE cells can form a confluent, polarized monolayer in the subretinal space in the transplantation zone. In fact, available evidence suggests that cells injected as suspension do not consistently form a monolayer of RPE when transplanted and survive poorly in the long-term as compared to RPE cells transplanted as a monolayer patch (Diniz et al., 2013; Hu et al., 2012) . Such observations have promoted the development of a RPE-patch approach in several cases.
A patch of RPE cells is proposed as an ideal therapeutic substrate because RPE cells need to be a confluent monolayer to be able to perform their physiological functions most efficiently. Formation of tight junctions between neighboring RPE cells is required for the cells to be fully polarized with apically-located actin-based processes that interact with the photoreceptor outer segments and thus support the ability of RPE cells to perform functions including phagocytosis of photoreceptor outer segments, replenishment of visual pigment, maintenance of ionic homeostasis in the sub-retinal space, and transport of water, nutrients, and metabolites between the photoreceptors and the choroidal blood supply (Bharti et al., 2011) . If an RPE transplant fails to perform most of these functions, then it is not likely to provide long-term efficacy in the eye.
Published data on three types of RPE patches have been presented so far, in a small subset of patients in three independent studies (da Cruz et al., 2018; Kashani et al., 2018; Mandai et al., 2017b ). An iPSC-RPE patch without any additional substrate was tested in one patient with non-treatable form of CNV (Mandai et al., 2017a) ; an ESC-RPE patch on a polyester substrate was tested in two patients with an acute form of CNV (da Cruz et al., 2018) ; and an ESC-RPE patch on a parylene substrate was tested in four patients with dAMD (Kashani et al., 2018) . As per the most recent published report, all six patients maintained stable or improved vision, but the long-term efficacy of RPE patches is difficult to ascertain at this early stage and with such a small number of patients. Other studies on RPE transplantation are in progress including one by BioTime Inc. and CellCure Neurosciences Ltd. (NCT02286089) with locations in the USA and Israel in which hESC-derived RPE is administered as a suspension in ophthalmic Balanced Salt Solution Plus. The delivery approach to the subretinal space utilizes the Orbit Subretinal Delivery System (Orbit Biomedical Ltd.) via the suprachoroidal approach (www.biotimeinc.com).
Here we discuss and review the manufacturing, preclinical, and clinical challenges associated with these approaches.
Manufacturing considerations of RPE suspensions and cell patches
The development of a cell therapy product requires manufacturing of the cells under current Good Manufacturing Practice (cGMP). cGMP ensures an appropriate design, proper monitoring, and control of the manufacturing process (Code of Federal Regulations CFR 21, FDA). Depending upon the source of stem cells, the manufacturing process can vary. For instance, it typically takes six months to manufacture an autologous iPSC-RPE-patch, but it may take only weeks to make RPE suspension transplant from adult RPESCs (Blenkinsop et al., 2013; Mandai et al., 2017b; Saini et al., 2016) . One main challenge with developing an advanced cell therapy product like a stem cell derived RPE patch is to ensure the maintenance of appropriate cGMP conditions during the long and complex manufacturing process.
Several parameters affect the complexity of the cGMP manufacturing process. For instance, to develop an allogeneic ESC-derived RPE product, a validated and adventitious virus tested Master Cell Bank (MCB) is often created at the pluripotent stem cell stage, as was done for two recent clinical studies (da Cruz et al., 2018; Kashani et al., 2018) . From the MCB stage, RPE differentiation may take another 20 weeks or more, especially when using the spontaneous differentiation process (da Cruz et al., 2018; Kashani et al., 2018; Mandai et al., 2017b) . Such a long manufacturing process increases the burden in cGMP suites and increases the possibility of contamination of the cells.
M.S. Singh, et al. Progress in Retinal and Eye Research xxx (xxxx) xxxx The use of directed differentiation protocols in some of the ongoing efforts have reduced differentiation time to less than half of the spontaneous differentiation time, but at the same time increased the complexity of manufacturing optimization because of the need of different biologics and chemicals that will need to be cGMP-grade and wellcontrolled (Idelson et al., 2009) .
The use of an autologous iPSC-based process as published in 2017 by Mandai et al. omits the need to make a MCB, but adds other complexities to the manufacturing process (Mandai et al., 2017b) . For instance, the process of reprograming skin fibroblasts into iPSCs still is random to some extent and may not generate cells that are suitable for transplantation in patients. Mandai et al. showed that iPSCs derived from the skin fibroblasts of one AMD patient under cGMP-grade conditions yielded transplantable RPE cells, whereas the iPSCs developed from another patient had acquired mutations and hence were deemed not suitable for transplantation, as discussed in greater detail in section 5.5 below.
Other work suggests that CD34 + cells may be an alternate, and perhaps better, source to generate mutation-free iPSCs as compared to skin fibroblasts (Mack et al., 2011) . This is likely due to the progenitor and non-senescent nature of CD34 + cells as compared to the dermal skin fibroblasts (Venditti et al., 1999; Zhong et al., 2014a) . Further details on CD34 + cells in retinal therapy are discussed in sections that follow. Despite the relatively complex manufacturing process for MCBs of ESCs or for autologous iPSCs generation, there is considerable enthusiasm to promote the use of these two cell types in the development of ocular and non-ocular cell therapies.
Functional validation of the stem cell-derived RPE product
A critical consideration for developing a commercially approvable cell therapy for RPE diseases, or for any tissue regeneration target, is the need to develop at least one in vitro functional assay that can also predict the in vivo efficacy of the stem cell derived RPE product. Towards that goal, efforts are underway to functionally validate both ESC-and iPSC-derived RPE cells (Miyagishima et al., 2016 (Miyagishima et al., , 2017 .
As mentioned above, the RPE functions as an intact monolayer with tight junctions that hold the cells together. Because of this property of RPE cells, most readouts of RPE functionality are performed on an intact RPE monolayer (Miyagishima et al., 2016 (Miyagishima et al., , 2017 . This feature of RPE cells might pose a significant challenge for RPE cell suspension clinical trials. Most of these functions are lost in single cell preparations and hence it would not be easy to correlate any of the above-mentioned functions to the potency of RPE cell suspension transplants in preclinical animal models or in patients. iPSC-derived RPE monolayers acquire several molecular, structural, and functional features that resemble native human RPE (Miyagishima et al., 2016 (Miyagishima et al., , 2017 (Fig. 1) : (1) iPSC-RPE express genes and miRNAs that are specific to adult human RPE; (2) iPSC-RPE monolayers contain apically located processes, apical melanosomes, and tight junctions; (3) iPSC-RPE monolayers have a transepithelial resistance, a feature of developmentally normal tight junctions, of more than several hundred Ohms. cm 2 ; (4) transepithelial potential, a feature of apically-basally polarized membranes, of 2-5 mV; (5) hyperpolarization response to apical low potassium stimulus; (6) intracellular calcium levels of approximately 110 nM; (7) polarized secretion of cytokines with higher vascular endothelial growth factor (VEGF) basally (choroidal side) and higher pigment epithelium derived factor apically (retinal side) and (7) ability to transport fluid (~1-5 μl/ cm 2 /hr) from the apical towards the basal sides. This work supports the functional authentication of iPSC-RPE and provides assays that can be developed into a validated release criterion performed under cGMP conditions.
Furthermore, this functional authentication exercise performed using sixteen different iPSC lines derived from different donors provides evidence for the effect of donor-to-donor and clone-to-clone variability on functional output of iPSC-RPE. Such large dataset is also widely applicable to functionally authenticate RPE-monolayer products derived from ESCs or adult RPESCs, and will help develop commercially approvable cell therapy products for macular degeneration patients (Miyagishima et al., 2016; Sharma et al., 2017) .
Photoreceptor transplantation
Preclinical data on photoreceptor transplantation
Sight restoration in patients blinded by the physical loss of photoreceptors has long been a goal of vision science. Pioneering studies carried out in the late 1980s early 1990s in rodent models showed the feasibility of transplanting fetal neural retinal cells as a potential strategy to regenerate photoreceptors cells (Blair and Turner, 1987; del Cerro et al., 1989; del Cerro et al., 1988; Turner and Blair, 1986; . These studies suggested that transplanted cells might be capable of achieving some degree of integration into the host retina including formation of synaptic connections (del Cerro et al., 1991; del Cerro et al., 1989; Gouras et al., 1991) .
These observations prompted some groups to undertake a similar approach for the treatment of human patients using fetal-derived retinal progenitor cells (fRPC) as a donor source. fRPC are obtained from the retina of human fetuses between 14 and 20 weeks of gestation, a time at which photoreceptor progenitors in the developing retinal neuroepithelium are exiting the cell cycle and undergoing their corresponding differentiation process (Hendrickson et al., 2008) . fRPC have been transplanted into patients affected by retinitis pigmentosa (RP) and AMD, using various approaches including the transplantation of M.S. Singh, et al. Progress in Retinal and Eye Research xxx (xxxx) xxxx microaggregate suspensions of fRPCs, fetal neural retinal sheets consisting of an isolated photoreceptor cell layer or a full retinal component, RPE sheets, or neural retina with associated RPE (Das et al., 1999; Humayun et al., 2000; Radtke et al., 2008) . A critical outcome from these studies is the apparent lack of adverse effects (reviewed in (Seiler and Aramant, 2012a) ). In addition, as reported in (Radtke et al., 2008 ) regarding a phase II clinical trial in which fetal retina/RPE sheets were transplanted on 10 RP and AMD patients, this treatment led to a certain level of short-term visual improvement, as assessed by EDTRS visual acuity scores up to 12 months after surgery (Fig. 2) . However, long-term benefits were not observed, except in the case of one patient that maintained visual improvement at a six-year follow-up. It is uncertain whether the improvement was due to a trophic effect of the implant or to functional integration of the transplanted cells.
On the other hand, a Phase I/II, open-label, prospective study of the safety and tolerability of subretinally transplanted human fRPCs in patients with RP is currently underway (NCT02464436, ClinicalTrials. gov). This is a dose escalation study in which participants with RP will receive a single uniocular subretinal implantation of one of three doses of a suspension of fRPC with a follow up period of 1 year post-injection. This specific study is presented and discussed in more detail later on this review.
The advent of pluripotent stem cells, initially ESC and more recently iPSC, provided a promising alternative source for attempting photoreceptor regeneration trough cell transplantation (Jayakody et al., 2015) . Within the last decade, significant progress has been made in identifying appropriate culture conditions to induce both ESC and iPSC to follow a retinal differentiation pathway. Two-dimensional stepwise differentiation protocols designed to mimic the sequential induction steps that take place in the embryo during the development of the retina demonstrated that these cells are capable of differentiating into several of the major retinal cell types, including photoreceptors ( (Hirami et al., 2009; Lamba et al., 2006; Osakada et al., 2008) among others). Subsequently, it was shown that under appropriate three-dimensional (3D) culture conditions, ESC and iPSC are capable of differentiating into selforganizing 3D retinal tissue with the different major retinal cell types arranged in their proper layers (Meyer et al., 2011; Nakano et al., 2012; Phillips et al., 2012; Zhong et al., 2014b) . Furthermore, in an important breakthrough, it was demonstrated that photoreceptor cells in these stem cell-derived 3D retinal tissues can achieve an advanced degree of maturation (Fig. 3) including the formation of outer segments, expression of phototransduction proteins, and response to light (Zhong et al., 2014b) .
A significant number of studies have focused on subretinal transplantation of a suspension of either mouse or human ESC/iPSC-derived photoreceptor precursors into rodent models of photoreceptor degeneration (Barnea-Cramer et al., 2016; Decembrini et al., 2014; Gagliardi et al., 2019; Gasparini et al., 2019; Gonzalez-Cordero et al., 2013 Homma et al., 2013; Lakowski et al., 2015; Lamba et al., 2009 Lamba et al., , 2010 Santos-Ferreira et al., 2016b; Singh et al., 2013; Zhu et al., 2018) . Among these, earlier studies showed similar results to those obtained with fRPC, suggesting that ESC/iPSC-derived photoreceptor precursors were capable of integrating into the host retina, achieving morphological and functional differentiation similar to native photoreceptors, and restoration of visual function at least to a certain extent (BarneaCramer et al., 2016; Decembrini et al., 2014; Gonzalez-Cordero et al., 2013; Homma et al., 2013; Lamba et al., 2009; Santos-Ferreira et al., 2016b) .
Later landmark studies uncovered that a low proportion of the transplanted cells may integrate into the host retina but the majority undergo a mechanism of intercellular material exchange with host photoreceptors (Pearson et al., 2016; Santos-Ferreira et al., 2016a; Singh et al., 2014 Singh et al., , 2016 . This transfer occurs independent of the source of donor photoreceptors, can be mediated by both rods and cones and is bidirectional between donor and host cells (Ortin-Martinez et al., 2017; Singh et al., 2016; Waldron et al., 2018) . These observations raise the need for re-evaluating and re-interpreting previous photoreceptor transplantation studies, as well as carefully characterizing the relative contribution to function restoration from material transfer and donor integration in future studies.
More recently, taking advantage of the availability of ESC/iPSCderived 3D retinal tissue, several groups have tested the feasibility of transplanting ESC/iPSC-derived retinal sheets (Assawachananont et al., 2014; Iraha et al., 2018; Mandai et al., 2017a; Shirai et al., 2016) , building on data from primary transplants. These studies showed that both mouse and human ESC/iPSC-derived retinal grafts are capable of surviving for different periods of time (up to 6 months) upon transplantation in the subretinal space of end-stage photoreceptor degeneration animal models, and differentiate into a range of retinal cell (Radtke et al., 2008) . Ten subjects with RP or age-related macular degeneration were included in this study. Donor tissue, comprising 2 mm 2 -5 mm 2 sheets neural retina together with the adjacent RPE layer, was obtained from human fetal eyes of 10-15 weeks' gestational age. Preoperative retinal images are shown in the left column (top to bottom: color fundus photograph, early-phase fluorescein angiogram, late phase fluorescein angiogram) and corresponding 1-year postoperative images on the right. The absence of fluorescein dye leakage in the region of the transplant (dotted box) was taken to imply evidence of the absence of clinical rejection of the grafts, that were all non-matched, despite the lack of immunosuppression. Four patients showed visual acuity improvements that exceeded that of the non-operated fellow eye, including one subject with 20/800 baseline vision sustained 20/200 vision for more than five years after surgery. No surgical complications occurred.
types, including photoreceptors, bipolar, amacrine and ganglion cells. In particular, photoreceptor cells achieved a relatively advanced degree of maturation as evidenced by expression of rod and cone opsins, synaptic proteins, and the formation of inner and outer segments (IS/OS) (Assawachananont et al., 2014; Iraha et al., 2018) . These studies also revealed that the ESC/iPSC-derived grafts failed to maintain a properly laminated organization, developing instead a relatively disorganized histoarchitecture with formation of rosettes -reminiscent of those observed in dysplastic and degenerating retinas-with the photoreceptor inner segment (IS)/outer segment (OS) inward and inner retinal cells outward (Assawachananont et al., 2014; Iraha et al., 2018; Mandai et al., 2017a; Shirai et al., 2016) . In some instances, labeling of pre-and postsynaptic components suggested the establishment of direct contact between host bipolar cells and graft photoreceptor cells, although conclusive evidence of functional circuit restoration is still lacking (Iraha et al., 2018) . Intriguingly, some of these studies have shown the feasibility of recording light responses from rd1 mice transplanted with ESC/iPSCderived retinal sheets by ex vivo micro-electroretinography (mERG) and ganglion cell recordings using a multiple-electrode array system (MEA) (Iraha et al., 2018; Mandai et al., 2017a) . In these reports, mERG recordings were obtained from the grafted area, although not consistently and showing a-and b-waves of irregular pattern and amplitudes much smaller than those of wild-type retina. Similarly, ON responses were recorded from ganglion cells, although again not consistently.
However, the mechanisms underlying these light responses is not entirely clear. Although rd1 mice exhibit severe retinal degeneration with rod loss, cone cells remain for a long period of time after rods have completely degenerated. Notably, remaining cones -even when severely compromised -may be functionally rescued upon transplantation of rods through a glucose dependent mechanism . Since the studies involving ESC/iPSC grafts in rd1 mice were not designed to discriminate between rod vs cone-triggered light response, it is not possible to rule out a rescue effect on the host's remaining cones by the grafts. Another important consideration is the fact that both, a/bwave-like responses and ganglion cell ON responses, can still be elicited from the non-transplanted degenerating rd1 retina from third order neurons even in the absence of photoreceptor-driven components (Fujii et al., 2016) .
Current research gaps
The range of research gaps and challenges in the pursuit of functional photoreceptor regeneration upon transplantation can be better comprehended in the context of the diseases potentially amenable to this treatment. The most immediate targets for photoreceptor regenerative therapies are AMD and inherited retinal dystrophies such as RP and Stargardt disease (Levin et al., 2017; Zarbin, 2016) . AMD is the leading cause of irreversible blindness in the developed world with the dry form of AMD accounting for nearly 90% of patients affected by this condition (Evans and Syed, 2013; Hanus et al., 2016) . dAMD is a complex, multifactorial disease, involving genetic and environmental factors (Sobrin and Seddon, 2014) . Furthermore, which component in the photoreceptor/RPE/Bruch's membrane/choriocapillaris complex is primarily affected, remains unclear (Bhutto and Lutty, 2012) . Nonethelles, the early stages of dAMD are characterized by impaired function of the RPE, which, in turn, leads to the death of rod photoreceptor cells within the parafoveal region of the macula followed by cone loss (Bhutto and Lutty, 2012; Curcio, 2001) . Currently, there are no therapies to prevent or cure dAMD (Evans and Syed, 2013; Hanus et al., 2016) . The lack of preventive treatments has led to an increasing number of patients with advanced stages of AMD, a condition known as geographic atrophy (GA), which is responsible for 20% of all cases of legal blindness (Hanus et al., 2016) . (Zhong et al., 2014a) .
RP is the most common cause of hereditary blindness worldwide, affecting approximately 1 in 3000 to 1 in 4000 people (Dias et al., 2017; Hamel, 2006; Hartong et al., 2006; Wert et al., 2014) . RP represents a clinically and genetically heterogeneous group of inherited retinal disorders, in which the primary loss of rod photoreceptors leads to the subsequent degeneration of cones, and eventually atrophy of the retinal pigmented epithelium (RPE) (Dias et al., 2017; Hamel, 2006; Hartong et al., 2006; Wert et al., 2014) . Typically, RP begins in the mid-periphery, and progresses over several years eventually also affecting central vision (Dias et al., 2017; Hamel, 2006; Wert et al., 2014) . Ultimately, complete blindness may occur, and patients affected by RP could benefit from improvement in either central or peripheral vision. Stargardt disease is a recessively inherited macular dystrophy with an estimated prevalence of 1 in 8000 to 1 in 10,000 people (Sears et al., 2017) . The pathology begins in the parafoveal region of the macula with progressive involvement into the foveal region, eventually leading to loss of central vision in both eyes and legal blindness. Over time, this disorder leads to degeneration of photoreceptors and of the RPE accompanied by progressive vision loss (Sears et al., 2017) .
Although AMD, RP, and Stargardt disease have different underlying causes and different demographics, at their end-stage they show common abnormalities including loss of photoreceptors cells and dysfunctional RPE (Dias et al., 2017; Evans and Syed, 2013; Hamel, 2006; Hanus et al., 2016; Hartong et al., 2006; Sears et al., 2017; Wert et al., 2014) . Within this framework, we will discuss here some of the fundamental questions that still remain unanswered.
Transplanting photoreceptors vs RPE vs both
As outlined above, in conditions such as AMD, RP, and SD, both photoreceptors and RPE cells are compromised (Dias et al., 2017; Evans and Syed, 2013; Hamel, 2006; Hanus et al., 2016; Sears et al., 2017) . Considering the critical role that RPE plays in maintaining the health and function of photoreceptor cells (Bhutto and Lutty, 2012; Handa, 2012; Handa et al., 2017) , it is conceivable that replacing only the affected photoreceptors would not lead to a long-term positive effect, as the regenerated photoreceptors would still lack the support of healthy RPE. On the other hand, replacing only the diseased RPE may not be sufficient to fully rescue the remaining but already compromised photoreceptors in the host retina. This raises the possibility of the need for transplanting both photoreceptors and RPE, either simultaneously or sequentially, in order to efficiently restore vision in these patients.
Addressing these important issues will require a systematic analysis of the alternative scenarios, accounting not only for the cell type(s) being transplanted, but within the context of the different diseases, and perhaps most importantly, the stages of disease progression. It is plausible that no single approach will succeed under all conditions, but rather different transplantation approaches may prove most efficacious depending on the disease and stage of progression.
Transplanting rods vs cones
Given the predominance of rod production over cones either from donor tissue or stem cell cultures under current methods, and data from animal models suggesting that rods may be capable of integrating more readily than cones, rod replacement might be more attainable in the short term (Gamm et al., 2015) . The ability to regenerate rods through transplantation would be primarily applicable to retinal dystrophies such as RP, particularly if the intervention is done at relatively early disease stages when transplanted rods may achieve better integration and function while also exerting a protective effect upon remaining cones (Gamm et al., 2015) .
One important caveat however is that treatment of RP and allied diseases would require regeneration of large retinal areas, the feasibility of which is yet to be determined. On the other hand, degenerative conditions affecting the macula (e.g. AMD and SD) might require transplantation of cone photoreceptors predominantly. Few studies to date have been focused on the regeneration of cones, mostly due to the challenges for producing large quantities of these cells (Gamm et al., 2015) , and they have thus far shown very low levels of integration (Decembrini et al., 2017; Lakowski et al., 2010; Smiley et al., 2016) . Of note, these transplantations have been done in the rodent rod-enriched retina, which may be less advantageous for the functional integration of cones than a cone enriched retina with a macula-like structure. In support of this possibility, recent studies have shown a relatively larger, though still suboptimal, number of donor cone cells integrating into the host retina of the Nrl −/− and Prph2 rd2/rd2 transgenic mice, which retinas are composed largely of cones rather than rods (Waldron et al., 2018) , suggesting that a cone-enriched environment may better support cone integration. This points to the need for alternative animal models that are closer to the physiology and anatomy of the human eye, including the presence of a macula-like structure, and capable of emulating critical aspects of human degenerative diseases, the urgency of which has been highlighted by the recent NEI initiative focused on the development of translation-enabling animal models to evaluate survival and integration of photoreceptor and ganglion cells .
Considering that the viability of cone functional integration upon transplantation remains to be determined, such animal models could also play a key role in evaluating the feasibility of rod transplantation and regeneration within the macula as an alternative strategy. As is well known, the macula contains two subregions with distinctly different photoreceptor content: a small cone-dominated fovea, only 0.8 mm in diameter, and a surrounding rod-dominated parafovea (Curcio, 2001) . In both AMD and Stargardt disease macular rods are affected earlier and more severely than cones, and the loss of rods eventually leads to subsequent cone loss (Curcio, 2001; Sears et al., 2017) . It is then conceivable that rods transplanted within the macula might achieve functional integration and provide meaningful visual improvement, even if not enough to restore high acuity vision.
Transplanting cell suspensions vs tissue explants
In most cases, preclinical studies to date have utilized a suspension of dissociated photoreceptor cells. Although these studies have shown some promising results, as outlined above, the transplanted cells most generally failed to survive or to become functionally integrated to a degree necessary to achieve meaningful restoration of visual function (Canto-Soler et al., 2016; Gamm et al., 2015; Zarbin, 2016) . With the advent of stem cell-derived three-dimensional retinal technology comes the opportunity to address the feasibility of photoreceptor transplantation as a pre-organized tissue rather than isolated single cells.
A reasonable expectation is that this approach might provide the transplanted photoreceptors with an improved physical and physiological microenvironment that would in turn have a positive impact on their ability to survive and become functionally integrated. This area of research is, however, still in its infancy, and the few studies published to date, as discussed above, highlight some of the emerging challenges and limitation this strategy presents.
Achieving functional local circuit integration
Independent of the transplantation approach, one of the most fundamental challenges that still needs to be addressed is that of promoting synaptogenesis and recreating functional circuits to a degree capable of restoring meaningful vision. As discussed above, immunohistochemical and ultrastructural studies have been used as the main evidence of the ability of transplanted rods and cones to establish synaptic connections with bipolar cells within the host retina.
However, in light of the newly identified mechanism of cellular material transfer (discussed in detail in section 2.6 below) demonstrating that most, if not all, the photoreceptors assumed to be of transplantation origin were actually host photoreceptors connected to host bipolar cells (Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos-Ferreira et al., 2016a; Singh et al., 2014 Singh et al., , 2016 Waldron et al., 2018) , a careful re-evaluation of previous results is required. On the other hand, studies aimed at photoreceptor replacement in the end-stage rd1 mouse with a zero anatomical and functional baseline, have shown expression of rod specific synaptic proteins at the terminals of donor-derived rods and the corresponding postsynaptic proteins in host bipolar cells at sites of contact with donor cells . These structural observations were correlated with pupil light responses consistent with visual function improvement arising directly from transplanted rod precursors, rather than indirectly through host cone rescue .
Though encouraging, behavioral studies are still needed to determine whether these observations do correlate with meaningful vision restoration. All in all, there is still a critical gap in knowledge regarding the mechanisms underlying photoreceptor circuit development, particularly those that regulate specificity in the synaptic connectivity of both rods and cones during normal development (Gamm et al., 2015) . Addressing this gap could help in the identification of factors that could be used to promote appropriate wiring of transplanted rod and cone photoreceptors as well as re-wiring of the host inner retinal cells.
Umbilical stem cell transplantation
Umbilical tissue is an attractive source of cells for therapy because of the relative ease of harvest of such cells through techniques that are not highly invasive -and it is appealing to imagine a therapeutic use for what was once considered medical waste.
Human umbilical tissue includes stem and/or progenitor cells derived either from the cord tissue component or from cord blood component. Umbilical blood is considered a source of hematopoietic stem cells and the cord tissue is regarded a source of mesenchymal stem cells (MSC) that in principle have the capacity to differentiate into connective tissue lineages including bone, cartilage, and fat. Interestingly, MSC have been observed to give rise to neuroglial-like cells and hepatocyte-like cells under specific culture conditions (Lee et al., 2004) . Umbilical cord blood cells show higher expansion capacity than cells derived from bone marrow or adipose tissue, but are somewhat more challenging to isolate (Kern et al., 2006) .
Currently there are over 130 active interventional Phase I, II, or III clinical trials using umbilical-derived cells for a variety for conditions including spinal cord injury, rheumatoid arthritis, graft-versus-host disease, stroke, heart failure, muscular dystrophy and other conditions (data from clinicaltrials.gov accessed Sept 7, 2018).
Human umbilical tissue-derived cells (hUTC) were investigated by Ray Lund, Shaomei Wang, and colleagues, in the context of attempting to rescue the retinal degeneration process in a small animal model (Lund et al., 2007) . The donor cells were obtained by mincing and enzymatically digesting human umbilical cords and then culturing the resultant cells for 10 passages, a process that approximated to 20 population doublings). These cells also showed a population doubling capacity without incurring karyotypic changes (Lund et al., 2007) . They demonstrated preservation of both photoreceptor cells and visual function when these cells were injected into the subretinal space of the Royal College of Surgeons rat at a relatively early stage of retinal degeneration. In fact, subretinal hUTC injection resulted in more extensive and robust retinal cell protection than two other expandable tissue-derived cell types, i.e. placental cells and bone marrow-derived mesenchymal cells.
The mechanism underlying this retinal protective effect was further studied in the same animal model. hUTC were found to repair RPE phagocytic dysfunction in retinal degenerations through various cellular mechanisms involving bridge molecules that promote the binding of photoreceptor outer segments to RPE, and also by the secretion of receptor tyrosine kinase ligands including brain-derived neurotrophic factor (BDNF), hepatocyte growth factor (HGF), and glial cell-derived neurotrophic factor (GDNF) (Cao et al., 2016) . It is unclear if similar mechanisms could be activated though the intravitreal delivery of hUTC cells, or if these rescue pathways depend on placing hUTCs in the subretinal space in close proximity to the degenerating cells.
It is also unclear exactly how the site of intraocular placement (i.e. subretinal or intravitreal) of these cells affect their proliferation rate after transplantation; this potential concern exists for any non-neuronal or non-terminally differentiated cell type that in principle could retain a capacity for continued proliferation inside the eye after delivery. Nevertheless, umbilical cells appear to be a rich source of paracrine factors that could promote the survival and sustained function of photoreceptor and/or RPE cells in the context of retinal degenerative disease.
Human retinal progenitor cell transplantation
RPCs are a cell type found in the developing neural retina that can be grown in culture (Klassen et al., 2004b) . These immature cells are mitotically active and multipotent, i.e., capable of differentiating into neurons as well as glia. RPCs are analogous to other neural progenitor cells found elsewhere in the developing central nervous system (CNS), with the caveat that they preferentially differentiate into retinal cell types such as photoreceptor neurons and Mueller glia. Furthermore, RPCs do not give rise to oligodendrocytes, a glia cell type not normally present in the retina. The reason for this is that, although myelination enhances the speed of axonal conduction, it is important for the retina to remain optically clear to subserve optimal vision.
As a type of neural progenitor, RPCs exhibit many of the now familiar characteristics of this relatively well-studied category of stemlike cells, including the potential for engraftment and long-term survival within the CNS microenvironment. Because they are mitotically active, RPCs have the potential for expansion in culture, allowing for manufacturing of an allogeneic cell product. Because RPCs generate photoreceptors, they are attractive as a potential means of repopulating the retina with those cells in patients with rod-cone dystrophy and other degenerations of the outer retina. In fact, as work has progressed, additional potential uses for RPCs as a means of delivering trophic support to ailing retinal neurons have also gained attention.
Preclinical development of RPC transplantation
The conceptual process leading to the clinical development of RPC transplantation began with an awareness of the lack of CNS regeneration seen in mammals that contrasted sharply with the impressive regenerative capacity seen in certain lower vertebrates, particularly fish and amphibians. Studies of those animals provided evidence that CNS tissue structures, fiber tracts, and functional circuits could often be regenerated to a surprising degree, even in adults (Arora and Sperry, 1962; Jacobson and Gaze, 1965) . In mammals such is not the case, although exciting early work showed that grafts of immature neural tissue could survive transplantation to the mature brain and provide functional benefits in rodent models of neurological disease (Björklund and Stenevi, 1972; Brundin et al., 1986) .
Subsequent to the initial success of Bjorklund's group, transplantation of immature neural tissue was pursued in a variety of rodent models, including work in the visual system. It was discovered that an immature retina could be transferred as an allograft to the brain of a newborn rat where it would engraft, survive into adulthood, and send projections to visual centers in the host brainstem. (Hankin and Lund, 1987; Kirschen McLoon et al., 1981) . To test whether such graft-host connections might be functional, the plan required surgically exposing the intracranial graft in juvenile animals, shining a light on the area, and looking for a pupillary light response in the host eye. However, the transplants were similar in appearance to the surrounding brain and sometimes located deep within the brain. Because stray light could also stimulate the host eye, the optic nerve was severed to eliminate this possibility. All surgery had to be done in a way that avoided damage to adjacent neural structures, including the graft and the 3rd cranial nerve. Active bleeding, however slight, could quickly block light from reaching the transplant. Furthermore, although the grafts contained photoreceptors, it was unclear whether these were functional in that they were unsupported by other tissues normally present in an eye, including the RPE and choriocapillaris.
Despite these challenges, it was demonstrated that a pupillary light reflex (PLR) could be elicited by photic stimulation of intracranial retinal transplants, indicating that a functional graft-host pathway had been established (Klassen and Lund, 1987) . Further analysis revealed a relationship between the maximum magnitude of the response and the robustness of underlying graft-host innervation (Klassen and Lund, 1990a) .
Taken together, these results showed that a new neural pathway could be established in the mammalian CNS that was capable of relaying luminance information over a continuous range of intensities. Less clear was how this finding might be translated into clinically relevant interventions, particularly given the even greater effort needed to replicate similar results with transplants to more mature animals (Klassen and Lund, 1990b) .
Help came from the next set of game-changing results provided by work with neural progenitor cells derived by the Gage lab from the adult rat hippocampus, which were found to integrate into the neural retina of newborn rats where they appeared to differentiate into various types of retinal neurons (Takahashi et al., 1998) . While the quality of the integration was impressive, the cells failed to integrate in adults and did not differentiate into photoreceptor cells.
One of these two challenges was overcome when the same hippocampal progenitor cells were transplanted into the eyes of adult rats with retinal dystrophy. It was found that the presence of an active degenerative process made an enormous difference in the behavior of the grafted cells (Young et al., 2000) . During the period of photoreceptor cell death, hippocampal progenitors migrated into the retina in abundance and once again showed a remarkable capacity for integration. Notably, this behavior was no longer seen once the underlying degeneration had run its course. Apparently the grafted progenitor cells were responding to an injury signal from the host retina and remained quiescent in its absence. This was positive news from a therapeutic perspective in that it evidenced both a previously unrealized receptivity on the part of mature retina for integration of new neurons, as well as a self-regulatory capacity on the part of the progenitor cells wherein they respond only in the presence of active disease. However, once again the cells failed to differentiate into photoreceptors, the missing cell type in clinical conditions such as RP.
To overcome this last barrier it was necessary to go back to first principles: adult hippocampal progenitors, despite their considerable plasticity, might have lost the capacity to become photoreceptors early in development. Photoreceptors are a highly specialized type of neuron that is specific to the retina and pineal gland and development of the eye diverges from that of the brain at a relatively early time point. Furthermore, unlike the case in the dentate gyrus of the hippocampus, there is little evidence for RPCs in the mature retina, although Connie Cepko and colleagues had established the presence of multipotent progenitors in the developing retina (Turner and Cepko, 1988; Turner et al., 1990) . The totality of these considerations led to the reasoning that it might be necessary to start with immature retinal tissue in order to obtain a cell type capable of reliably generating photoreceptors and thus having therapeutic potential in the setting of retinal degeneration.
By starting with immature retinal tissue, multipotent RPCs were successfully derived from a GFP-transgenic mouse line (Klassen et al., 2004a) as well as human donor tissue (Klassen et al., 2004a) . Since RPCs are immature cells in an actively proliferative state, they can be expanded in culture in the presence of defined growth factors. Upon growth factor removal, proliferation subsides and the cells differentiate into a mixed population of neurons and glia. Following transplantation to the subretinal space, GFP + RPCs were seen to differentiate into various retinal neurons, specifically including photoreceptor-like profiles expressing the markers recoverin and rhodopsin. A subset of such cells integrated with correct polarity into the host outer nuclear layer. RPC treatment was associated with enhanced light-induced behavioral responses, thereby providing initial proof-of-principle for use of subretinal transplantation of allogeneic RPCs as a therapeutic strategy for photoreceptor replacement in retinal degenerative diseases (Klassen et al., 2004b) . The extent to which cellular materials transfer (discussed in Section 2.6 below) may have contributed to these results is unclear at this time.
There were, however, additional considerations that related to the therapeutic objective of cell replacement. Although photoreceptor integration was replicated in animals by multiple teams (Klassen et al., 2004b; Lamba et al., 2009; MacLaren et al., 2006) , the efficiency of integration was generally low (West et al., 2012) and inevitably restricted to small regions of retina overlying the subretinal injection site. These issues could present serious challenges to the goal of demonstrating clinical proof-of-principle and therefore pose an avoidable risk to the therapeutic development program. Adjuncts including scaffolds or growth factors might be required to increase survival and integration efficiency. With this in mind, an alternative approach was considered, namely neuroprotection.
It has long been appreciated that dystrophic photoreceptors can be preserved by intravitreal injection of certain therapeutics, particularly so-called neurotrophic factors (Faktorovich et al., 1990; Lavail et al., 1992) , potentially in quite low concentrations (Whiteley et al., 2001) . A related approach was demonstrated in a pig optic nerve injury model (Ejstrup et al., 2010) and mesenchymal (Siqueira et al., 2011 (Siqueira et al., , 2015 and hematopoietic cells have been tested in clinical trials as discussed below in Section 5.3. Somewhat surprisingly, unmodified RPCs conferred neuroprotective effects on the photoreceptors of dystrophic rats . Based on the potential advantages of neuroprotection over cell replacement as a translational strategy, a novel approach combining an RPC product with intravitreal delivery method appeared to be feasible (Fig. 4) .
Potential challenges
Advantages related to RPC transplantation come with a more challenging side as well. Fetal tissue is more developmentally mature and therefore less tumor prone than pluripotent cell lines, however, sourcing of donor tissue poses greater potential for future challenges in terms of supply lines for manufacturing, even if currently achievable. The supply issue is compounded by the self-limited expansion of RPCs, although this characteristic again diminishes the risk of uncontrolled proliferation. Nevertheless, extended passaging of RPCs is possible under hypoxic conditions .
Neurotrophic benefits can be easier to achieve than cell replacement, however, the mechanism of action can be more complex and difficult to delineate. In addition, the inherent variability in a cell product, as compared to small molecules or other biologics, will necessarily entail a different set of comparability criteria during manufacturing.
Treatment indications
The primary indication for intravitreal RPC transplantation is RP. RP, also referred to as rod-cone dystrophy, is a heritable condition classically described as involving loss of first rods and then cone photoreceptors. It is bilateral, progressive, and currently untreatable. Although an orphan condition, RP is an important cause of blindness worldwide. Even though all current clinical activity has been directed towards RP, because retinal neurons are not regenerated in humans, there are many other conditions that might benefit from this neuroprotective approach, alone or in combination with other therapeutics.
Other retinal dystrophies come immediately to mind, as does agerelated macular degeneration (AMD), particularly the atrophic type. Amelioration of photoreceptor loss following retinal detachment might also be of interest. Ongoing work in the laboratory suggests that optic nerve and retinal vascular conditions could benefit from intravitreal RPCs. Additional work will be necessary to develop clinical programs aimed at treating these conditions, but early indications are promising.
Bone marrow cell transplantation
Bone marrow contains stem cells that have been explored in preclinical and clinical studies as a potential regenerative treatment for ischemic or degenerative retinal conditions (Clinicaltrials.gov, 2018; Enzmann et al., 2009; Machalinska et al., 2009; Siqueira et al., 2011) . The rationale for using stem cells in bone marrow originates from the observation that these stem cells are plastic and appear to play an important role in tissue repair and maintenance in the body (Mackie and Losordo, 2011; Rafii and Lyden, 2003) . They are known to be mobilized into the systemic circulation to sites of tissue ischemia for repair (Asahara et al., 1997) . By harvesting the stem cells from bone marrow and administering the cells directly into the eye, the repair potential of these cells may be maximized by bypassing the systemic circulation and delivering a high number of effector stem cells directly to the target tissue or organ. Most of the regenerative effects of these stem cells appear to be via paracrine mechanisms . There is evidence that at least some of these cells engraft into tissue suggestive of tissue replacement as well (Caballero et al., 2007; Park et al., 2012) . There is also evidence that these cells can fuse with cells in the retina to become retinal progenitor cells (Sanges et al., 2016) Thus the mechanism of action of these cells may be diverse depending on the cell of interest and the damaged tissue to be repaired.
Bone marrow derived cell types
Bone marrow contains a relatively high concentration of stem cells in the body and is a good source of these adult stem cells. However, bone marrow consists of a very heterogeneous mixture of cells and it is important to note the major cells in bone marrow are blood cells . The stem cells of interest that can have regenerative potential constitute less than 0.1% of the total cells harvested from bone marrow. One of the challenges in using stem cells in bone marrow for tissue regeneration is identifying and harvesting the ideal target stem cell or cells for regenerative treatment.
There are different cells that have been harvested from bone marrow and explored for tissue regeneration. They include mononuclear cells, hematopoietic stem cells/CD34 + cells and mesenchymal stem cells. Confusion can result as these different cells have all been called "bone marrow stem cells". Many studies do not clearly differentiate the various different cells isolated from bone marrow. Often, the reader needs to review the methodology of cell isolation to determine which bone marrow stem cell was investigated in preclinical or clinical research.
Mononuclear cells
Mononuclear cells are a mixture of cells isolated after Ficoll density gradient separation of the bone marrow aspirate. This procedure removes most of the erythrocytes and polymorphonuclear cells. The resulting mononuclear cell fraction is a mixture of lymphoid, myeloid, erythroid and stem cell population. It consists mostly of lymphocytes and monocytes and contains < 0.2% hematopoietic stem cells (i.e. CD34 + cells in human) and even fewer mesenchymal stem cells (Pang et al., 2011; Posel et al., 2012) . This cell mixture has been used as "bone marrow stem cell" therapy for many preclinical and clinical studies since this cell mixture can be easily obtained from the bone marrow aspirate with minimal cost and effort. A preclinical study using bone marrow mononuclear cells injected intravitreally showed long term incorporation of some of these cells in the retina following intravitreal injection in rat eyes with retinal injury (Tomita et al., 2002) . Early clinical studies conducted in Germany and Brazil showed autologous intravitreal injection of mononuclear cells from bone marrow was well-tolerated in eyes with retinal degeneration or ischemia (Jonas et al., 2010; Siqueira et al., 2011) . However, visual benefit was modest to none. Improvement in cystoid macular edema associated with RP or retinal vein occlusion has been observed following intravitreal injection of mononuclear cells (Siqueira et al., 2013 (Siqueira et al., , 2015 . More recently, the same group reported improvement in mean visual acuity and macular sensitivity in 10 eyes with dAMD following intravitreal mononuclear cell therapy with no adverse effects (Cotrim et al., 2017) . The therapeutic effect is stated to be based on CD34 + cells present in the mononuclear cell fraction. In fact, as stated previously, there are relatively few CD34 + cells present in human mononuclear cells fraction of bone marrow (< 0.2%). Clinical trials using mononuclear cell fraction of cells from bone marrow or from peripheral blood after mobilization of cells to treat ischemic cardiomyopathy have shown no significant safety concerns. Efficacy results have been variable and felt to be correlated with number CD34 + cells present in the mononuclear cell fraction used (Mackie and Losordo, 2011; Vrtovec et al., 2013) .
Hematopoietic stem cells
Hematopoietic stem cells are also harvested from bone marrow and often identified by the cell surface marker, CD34, in humans. These stem cells are plastic and have been used for allogeneic bone marrow transplantation for many years in clinical practice to treat hematologic disorders (Goodell et al., 2015) . These CD34 + stem cells also have been explored in clinical trial as potential therapy for ischemic cardiomyopathy since the CD34 cell surface marker also identifies endothelial progenitor cells (Mackie and Losordo, 2011; Vrtovec et al., 2013) . In fact, human CD34 + cells are believed to be mobilized into the systemic circulation from bone marrow in response to tissue ischemia and thought to play an important role in tissue revascularization (Asahara et al., 1997) .
There is phase II clinical trial evidence in support of this autologous therapy in treating ischemic and non-ischemic cardiomyopathy Fig. 4 . Intravitreal graft of retinal progenitor cells. Cultured human RPCs, labeled with anti-human antibody (red), are seen following injection into the vitreous cavity of a rat eye. The cells are injected as a single cell suspension but subsequently aggregate in vivo to form small clusters, as seen here. These clusters are free-floating and provide neutrotrophic support to the retina (laminar structure above the graft) without the need for integration into the host tissue. The RPCs of the grafts differentiate along either neuronal or glial lineages, with the latter seen here by way of labeling for GFAP (green). Host mononuclear leukocytes investigate the donor cells, illustrated here by positivity for isolectin B4 (blue) within the graft, but do not elicit an immunological rejection response. Nuclei are labeled with DAPI (white). This image was provided by Dr. Geoffrey Lewis, UCSB. (Quyyumi et al., 2017; Vrtovec et al., 2013) . Based on preclinical and clinical studies, the effects of CD34 + cells on ischemic cardiomyopathy appear to be via a combination of paracrine trophic effects and direct engraftment of the cells into the damaged vascular endothelium (Vrtovec et al., 2013) . A synergistic effect of this combined mechanism is believed to result. No safety concerns have been noted associated with intracoronary infusion of these autologous cells. Autologous hematopoietic stem cells from bone marrow have been injected intravitreally into murine eyes with hereditary retinal degeneration and shown to have a protective effect (Otani et al., 2004) . Since the injected cells were only found in the retinal vasculature and not in the photoreceptor layer, a paracrine mechanism was speculated. Intravitreal injection of human CD34 + cells from bone marrow in mice with hereditary retinal degeneration resulted in rapid dramatic homing of the cells to the retinal surface which can be visualized using in vivo retinal imaging (Fig. 5) . The cell treatment was associated with dramatic molecular changes in the degenerating retina in mice with concurrent systemic immunosuppression administered to avoid rejection of human cells (Moisseiev et al., 2016) . Expression of genes that control apoptosis and photoreceptor maintenance and transduction were significantly affected. Human CD34 + cells have been injected intravitreally in immune deficient murine eyes with retinal vasculopathy (Caballero et al., 2007; Park et al., 2012) . Homing and integration of these human cells into the damaged retinal vascular wall with possible repair has been demonstrated short-term and long-term. These hematopoietic stem cells do not readily replicate and cannot be expanded in culture . This feature of hematopoietic stem cells limits the number of cells that can be administered for regenerative treatment. However, this feature of CD34 + stem cells theoretically makes them less teratogenic and potentially safer for clinical applications. Long-term preclinical studies have shown no safety concerns following intravitreal injection of human CD34 + cells from bone marrow in NOD-SCID mice with acute retinal ischemic injury (Park et al., 2012) . There was no abnormal proliferation of the human cells in the eye or systemically following the intravitreal injection of human CD34 + cells.
Based on the promising preclinical safety and efficacy profile of intravitreal injection of bone marrow hematopoietic stem cells/human CD34 + stem cells, an early phase clinical trial has been initiated by investigators at the University of California Davis exploring intravitreal injection of autologous CD34 + stem cells isolated from bone marrow as treatment for ischemic and degenerative retinal conditions . This clinical trial will be discussed in more detail later in this article along with an update on the status of this study.
Mesenchymal stem cells
Mesenchymal stem cells from bone marrow are harvested by growing bone marrow aspirate in tissue culture. Mesenchymal stem cells constitute < 0.1% of the cells in bone marrow, but these cells adhere to plastic, grow and expand readily in tissue culture . These mesenchymal stem cells are characterized by different cell surface markers from hematopoietic stem cells and are different cells.
Mesenchymal stem cells were first isolated from bone marrow in 1968 but similar type of cells have been isolated from other tissue such as adipose tissue, muscle, Wharton's jelly, amniotic fluid, and umbilical cord blood (Friedenstein et al., 1968; Park, 2016) . Preclinical studies indicate that these cells have some plasticity and can differentiate into other cells of mesenchymal origin. They have limited capacity to differentiate into cells of ectodermal or endodermal origin. Most of the regenerative effects of these cells are via paracrine effects. They have been reported to secrete various neurotrophic and angiogenic factors, such as ciliary neurotrophic factor (CNTF), vascular endothelial growth factor and fibroblast growth factor (Caplan and Dennis, 2006) .
The appealing features of mesenchymal stem cells that make them a target for cell therapy for tissue regeneration are that they can be easily expanded in culture and allogeneic use is potentially possible. Mesenchymal stem cells express very low levels of HLA class 1 antigen and do not express any HLA class 2 antigen. Preclinical studies show allogeneic therapy is possible but these cells are not completely immune privileged (Ryan et al., 2005) . Furthermore, these cells may modulate the immune system in unexpected way since both pro and anti-inflammatory effects of mesenchymal stem cell have been reported in preclinical models following cell administration (Bernardo and Fibbe, 2013; Galderisi and Giordano, 2014; . The potential proinflammatory effect of these cells may limit the clinical applications of these cells.
Another limitation in exploring mesenchymal stem cells as regenerative treatment is the heterogeneity of these cells among laboratories (Bara et al., 2014) . This is because the cells harvested can change depending on culture condition. The International Society for Cellular Therapy established that mesenchymal stem cells must have > 95% positive cell surface markers for CD105, CD73, and CD90 and > 95% negative for CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR (Dominici et al., 2006) . Despite these criteria, heterogeneity persists.
Advantages and potential concerns
The cellular heterogeneity and potential safety issues limit the clinical applications of mesenchymal stem cells as treatment for retinal disease despite extensive preclinical research showing potential efficacy. Cultured mesenchymal stem cells have been injected intravitreally or subretinally in animal models of retinal degeneration or ischemia. Preclinical studies indicate that the subretinal administration of mesenchymal stem cells can have protective effects in eyes with retinal degeneration (Arnhold et al., 2007; Tzameret et al., 2014) . The protective effect is less obvious following intravitreal administration of the cells in eyes with retinal degeneration (Tzameret et al., 2014) . For retinal ischemia, intravitreal administration of mesenchymal stem cells has been shown to have a protective effect in preclinical studies (Li et al., 2009 ). Some of these injected mesenchymal stem cells integrate into the retinal surface and stimulate gliosis while others can form a cellular clump in the vitreous cavity (Li et al., 2009; Tzameret et al., 2014) . In NOD-SCID mice, intravitreal administration of cultured human mesenchymal stem cells resulted in abnormal cellular proliferation, leading to vitreous haze and retinal traction which was visualized using in vivo retinal imaging . These observations raise safety concerns regarding intravitreal administration of these cells. Recently, similar safety concerns have been reported with the intravitreal injection of autologous mesenchymal stem cells in an early clinical trial for retinitis pigmentosa (Satarian et al., 2017) . There are multiple types of cells that have been isolated from bone marrow and explored for tissue regeneration. The advantages of using bone marrow stem cells for tissue regeneration are many. They include the ease of accessibility of these cells, the ease of delivery of these cells to the target tissue given the homing ability of the cells and paracrine effects, autologous cell therapy that is possible which avoids the issue of immune rejection, lack of ethical issues, and broad potential clinical applications given paracrine effects of the cell therapy.
The potential pitfalls or limitations of using bone marrow stem cells are the potential heterogeneous nature of the cell product, limited ability to expand some isolated cells such as CD34+/hematopoietic stem cells, and host factors that may affect the repair potential of the isolated cells Vrtovec et al., 2016) . At the current time, stem cell therapy from bone marrow remains an investigational treatment for retinal disorders.
Cytoplasmic transfer between donor and recipient cells
It was previously assumed that, in the context of photoreceptor precursor transplantation, the transplanted exogenous photoreceptor precursor cells would migrate into the recipient retinal tissue and thereby augment the total number of photoreceptor cell bodies (or soma) in the recipient.
However, in light of recent data (Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos-Ferreira et al., 2016a; Singh et al., 2014 Singh et al., , 2016 Waldron et al., 2018) , it is now clear that transfer of cytoplasmic materials between transplanted cells and recipient cells is the more common mechanism of cellular regeneration, rather than somatic integration.
It should be noted that this phenomenon has been observed to occur if at least two conditions are met. Firstly, the recipient must not be completely degenerate -i.e., there must be sufficient numbers of recipient photoreceptor cells remaining that can act as 'transfer partners' with the transplanted cells. In the setting of end-stage retinal degeneration in the recipient, when almost all photoreceptor cells have degenerated in regions of retinal atrophy , the transplanted cells have no 'transfer partners' and therefore cellular materials transfer is not thought to occur to a significant extent. Secondly, the phenomenon has been observed only when the donor photoreceptor cells are prepared as an enzymatically or mechanically dissociated cell suspension of individual cells or cell clumps. The precise mechanism of the transfer of materials, and the reason for the promotion of this process by donor cell dissociation, remain unclear.
Cellular materials transfer between photoreceptor cells could involve direct membrane fusion (Jahn et al., 2003; Jahn and Scheller, 2006) or other methods of intercellular trafficking including exosomes (Théry et al., 2002; Valadi et al., 2007) . The occurrence of this phenomenon between other retinal cell types, for example RPE cells, or inner retinal neurons, has not been comprehensively studied at this time.
Interestingly, materials transfer between endogenous bone marrow stem cells and retinal Müller glial cells has also been observed in vivo (Lluis and Cosma, 2010; Sanges et al., 2016) . This process appears to prompt the reprogramming of Müller glial cells into retinal progenitor cells which can then differentiate into non-photoreceptor cell types, namely ganglion cells and amacrine cells. The data indicate that retinal cell fate can be modulated through the process of cellular materials transfer.
Therefore, safety concerns could arise from changes in cell fate or in cell cycle regulation that could occur following material transfer between retinal and/or non-retinal cell types. However, definitive data regarding these concerns have not yet been published. It is not yet known if cellular materials transfer between photoreceptor cells or RPE cells could give rise to adverse safety outcomes involving uncontrolled proliferation. Further experiments using cell lines or animal models are required in order to address this question.
Immune considerations
A very helpful feature of intraocular RPC transplantation emerged from the observation that allogeneic neural progenitor cells were well tolerated in rodent models, without the need for immunosuppression. This tolerance was consistent with results from the previous work with intracranial neural tissue transplantation, described earlier (Klassen and Lund, 1987, 1990a) . The anterior chamber of the eye and the brain have long been described as "immune privileged" sites in terms of transplantation and this phenomenon could have contributed to the tolerance seen here. Despite this, the immunogenicity of the cells themselves was still in question. Therefore, the issue was examined in detail in mice, where it was shown that cultured murine neural progenitors did not express MHC class I or class II antigens and were tolerated as allografts even following transplantation to the kidney capsule, a conventional (non-privileged) site (Hori et al., 2003) .
Further work revealed that although expression of MHC class I antigens by cultured neural progenitors varied by species (Hori et al., 2003; Klassen et al., 2001 Klassen et al., , 2003 Klassen et al., , 2004b , the tolerance for these types of cells as allografts was a generalizable feature that was replicated in rats (Young et al., 2000) , pigs (Klassen et al., 2007a) , and cats (Klassen et al., 2007b) . In contrast to allografts, it was found that xenografts, although sometimes successful (Van Hoffelen et al., 2003) , were frequently rejected, particularly between discordant species (Warfvinge et al., 2005 (Warfvinge et al., , 2006 ; human BPC to pig (Warfvinge et al., 2011) . Nevertheless, the available evidence suggested that allografts of human RPCs would be tolerated in patients, although animal testing of human cells could not adequately evaluate this hypothesis. More on point, reports from overseas trials appeared to support the tolerance of intraocular allogeneic neural progenitors in humans . If confirmed, this would present a significant advantage for RPC transplantation over alternate cell-based approaches requiring immune suppression.
Recent work regarding the need for immune suppression in allogeneic subretinal transplants has shown that there was poor survival of allogeneic iPSC-RPE cells following transplantation into the subretinal space of rhesus macaques (McGill et al., 2018) . Transplanted cells that were detectable 4 days after surgery were no longer detectable at 3 weeks. An early T-cell response at 4 days had later converted to a B-cell response by 3 weeks. These data indicate that immune rejection likely contributed to poor subretinal cell survival following allogeneic RPE cell transplantation when immune suppression was not employed. Data from the minipig model of subretinal allogeneic iPSC-RPE cell transplantation also indicated that the innate immune response was elicited (Sohn et al., 2015) . This information challenges the view that the subretinal space affords sufficient immune privilege to support allogeneic grafts. Strategies to consider as alternatives therefore include autologous transplantation, immunological matching or chronic immune suppression.
Regulatory framework for safety
The only US Food and Drug Administration (FDA) approved stem cell therapies are seven human progenitor cell cord blood products, all used for unrelated donor cell transplantation and for a broad range of hematopoietic diseases (FDA, 2017b) . A sterile cord blood collection unit for collection of umbilical cord blood from either vaginal birth or cesarean section is also FDA approved (FDA, 2016). Allogenic bone marrow transplantation, which is known to include stem cells is not regulated by the FDA but is regulated by the Health Resources and Services Administration, the National Marrow Donor Program, and the Foundation for Accreditation of Cellular Therapy at the University of Nebraska Medical Center (University of Nebraska Medical Center, 2014). Additionally, a multibillion dollar industry in the U.S. in regenerative medicine already exists charging patients directly for unproven "stem cell" therapies for a broad range of diseases (Berger et al., 2016) .
These "stem cell" therapies are neither approved by the FDA nor provided in the context of a clinical trial registered with the FDA. Practitioners often offer such therapies without appropriate experience in treating the disease of concern, and circumventing much of traditional, mainstream medicine and FDA or other regulation. A 2016 study found 187 unique "stem cell" clinic websites offering non-FDA approved "stem cell" interventions at 215 clinics (Berger et al., 2016) . At least 40 companies provide "stem cell" therapies in the US for ocular diseases, including intravitreal, retrobulbar, or topical deliveries (Nirwan et al., 2019) . The most common ocular condition for which therapy is offered is macular degeneration.
Literature targeted at potential patients often overstates the known efficacy and safety of the body's own "stem cell" populations in curing diseases, while paying only cursory attention to the paucity of data (Berman, 2015) . Mainstream medicine's skepticism of the purported benefits of currently available, unproven "stem cell" therapy is often described as uninformed or dishonest. While anecdotes of success are frequently given, minimal discussion of serious health risks from unproven "stem cell" therapies are provided. Third party payers do not pay for these therapies, and patients are typically required to pay for them directly as fee for service or patient-funded research. The "stem cell" clinics employ direct-to-consumer advertisements using websites that emphasize patient testimonials. This can result in patients not being properly informed of the potential complications and the paucity of rigorous peer-reviewed publications demonstrating efficacy data for these procedures.
The American Academy of Ophthalmology issued a clinical statement in 2016 emphasizing that there are no FDA-approved stem cell therapies for ocular diseases and that the risks of treatments at these stem cell clinics is not known (American Academy of Ophthalmology, 2016). Stem cell products are regulated by the Center for Biologics Evaluation and Research as biologics within the FDA. Under sections 351 and 361 of the Public Health Service Act, human cell biologic therapies are divided into low risk and high risk. In 1997, the FDA provided the following clarification on the regulation of stem cell therapies that are considered low risk:
FDA would not require premarket review and approval for cellular and tissue-based products that are minimally manipulated, are used for homologous function, do not contain non-cell/non-tissue components, and are for structural or reproductive use. Such products raise relatively limited clinical safety and effectiveness concerns, and thus would not be subject to premarket submission of clinical data. Additionally, as a policy matter the agency would not require premarket submission of clinical data for cellular or tissue-based products that are minimally manipulated, are used for homologous function, do not contain noncell/non-tissue components, and are for metabolic use, when they are to be used autologously or in a close blood relative of the donor … Examples of such products would include heart valve and dura mater transplants, vein grafts, tendons to repair or replace tendons, autologous or family use of peripheral or cord blood stem cells for hematopoietic reconstitution, and human gametes (sperm and eggs), zygotes, and embryos intended for insemination, fertilization, or transfer (FDA, 1997) .
Tissues and cells that are highly processed, used for other than their normal function, combined with non-tissue components or used for metabolic purposes are considered high risk. High risk human cell biologic therapies are required to demonstrate efficacy and safety and file an investigational new drug application (IND) with the FDA. Low risk therapies are not. "Stem cell" clinics that use autologous stem cells contend that the cells are minimally manipulated cells and applied for homologous use, so they do not fall under strict regulatory oversight. FDA draft guidance statements narrowing the definition of minimal manipulation (FDA, 2017d) and clarifying homologous use (FDA, 2017c) were created in order to eliminate any doubt that the use of autologous "stem cells" is high risk and should fall under the regulatory oversight of the FDA. Homologous use means the repair, reconstruction, replacement, or supplementation of a recipient's cells or tissues with a human cell, tissue, or cellular and tissue-based product (HCT/P) that performs the same basic function or functions in the recipient as in the donor (FDA, 2017a) . Allogenic bone marrow transplantation is considered homologous use.
The FDA has posted a warning letter to the facility that treated three of the patients described above. In the accompanying press release (FDA, 2017b), FDA Commissioner Scott Gottlieb, M.D. explains that:
"Stem cell clinics that mislead vulnerable patients into believing they are being given safe, effective treatments that are in full compliance with the law are dangerously exploiting consumers and putting their health at risk."
He goes on to say that the FDA will be increasing enforcement actions against these clinics. Recently the FDA filed two complaints in federal court seeking permanent injunctions to stop two stem cell clinics from marketing stem cell products without FDA approval and for significant deviations from current good manufacturing practice requirements (FDA, 2018) . One of these clinics was performing the intravitreal injections.
The retina is particularly suited for the benefits of stem cell therapy because of the relatively easy anatomic access and physiological monitoring. However, treatment of retinal disease with unproven "stem cell" therapy, without careful gathering of efficacy and safety data, has repeatedly resulted in severe vision loss. Ethical and meticulous clinical science is paramount for the advancement of realistic stem cell therapy for retinal disease.
Surgical safety aspects of cell transplantation
The transplantation techniques that are employed in retinal stem cell clinical trials should have a reasonably low risk so that the safety and efficacy of the cells themselves can be evaluated properly.
Therapeutic cells can be delivered to the intravitreal space or the subretinal space. The intravitreal delivery approach is shown in Fig. 7a . There are three main surgical approaches which have been employed for the delivery of RPE cells to the subretinal space.
The first is vitrectomy followed by delivery of a cell suspension to the subretinal space via a subretinal cannula (Fig. 6 and Fig. 7b ) (Nagiel and Schwartz, 2018) . In this technique, the retinotomy is tiny (38-gauge) and self-sealing which minimizes the risk of retinal detachment or other serious complications. The exact effect of small-gauge passage on cell survival for all donor cell types is yet to be determined, however delivery via larger-gauge needles (e.g. 30-gauge or 31-gauge) may be associated with enhanced RPE cell viability in large animal models (Scruggs et al., 2019; Wilson et al., 2017) . These surgical maneuvers are familiar to most vitreoretinal surgeons.
The second method is more complex and involves subretinal delivery of RPE cells grown on a scaffold (da Cruz et al., 2018; Kashani et al., 2018) . The main advantage of this technique (Fig. 7c) is that the delivered cells are already organized in a monolayer and polarized (Thomas et al., 2016) . But in order for a scaffold of sufficient size to be delivered, a wide retinotomy must be created and the RPE sheet delivered with the use of specialized delivery device. As a result, the edges of the retinal incision must be sealed with laser and a tamponade agent such as silicone oil must be used. These additional techniques may result in a noticeable scotoma or tissue damage with insertion of the scaffold.
The third technique involves subretinal delivery of cells via a cannula delivered ab externo through the suprachoroidal space (Baldassare et al., 2017; Ho et al., 2017) . This technique (Fig. 7d ) was utilized in a pioneering study of human umbilical tissue-derived cells for their neuroprotective effect rather than as cell replacement, as discussed in detail in section 5.2.1 below (Koh et al., 2018) . In order to deliver these cells to the macula, a scleral cutdown was created and a subretinal cannula threaded through the suprachoroidal space to the macula. Although this technique avoids exposure of the cells to the vitreous cavity, there were serious surgical adverse events related to the technique such as retinal perforations and detachments, as discussed in section 5.2.2 below.
Review of selected clinical trial data
JCyte
RPC transplantation for the treatment of RP is in the clinical phase of development, as sponsored by the company jCyte (Newport Beach, CA). An initial phase I/IIa trial (NCT02320812) has been completed and those patients were automatically entered into an extension study. Meanwhile, a masked phase IIb trial (NCT03073733) has completed enrollment.
Clinical protocol
The clinical protocol is as follows. Allogeneic RPCs, originally derived and expanded from fetal donor tissue, and cryopreserved in dosesized aliquots, are thawed and briefly re-cultured prior to use. Note that the a vitrectomy procedure has not been performed here because it is not required for intravitreal delivery. (b) Subretinal injection of a cell suspension. After vitrectomy, a small-gauge needle or rigid cannula (arrow) is introduced into the eye via the pars plana. The needle or cannula is passed through a retinotomy at the injection site (white arrowhead) and the cell suspension is placed in the subretinal space near the fovea (black arrowhead). (c) Subretinal injection of a sheet of cells with or without a scaffold. Suspension. After vitrectomy, a small-gauge needle or rigid cannula is introduced into the eye via the pars plana and passed through a retinotomy at the injection site (white arrowhead). The sheet construct is placed in the subretinal space near the fovea (black arrowhead). (d) Suprachoroidal cannulation. A flexible catheter (arrow) is inserted into a retinal bleb (white arrowhead) and threaded into the suprachoroidal space to the posterior pole or macula where the cell suspension is injected (black arrowhead) in the subretinal space near the fovea. A vitrectomy procedure is typically required and so the vitreous cavity shown here is devoid of gel. (Illustration by Timothy Phelps, MS, FAMI.) Synchronous to this process, the patient (having already completed baseline testing) is prepared for an intraocular injection in the usual manner, including lid speculum, topical anesthesia of the ocular surface, pupillary dilation, and local antiseptic measures. The injection is performed using a low volume syringe using a 30-gauge needle in under a minute and the cells are delivered directly to the intended location, i.e., the vitreous cavity, as a single cell suspension. Apart from a brief course of topical steroids, no immunosuppression is used.
After injection, the cells remain suspended in the vitreous cavity where they rapidly aggregate into clusters and strands, as can be observed with clinical biomicroscopy. Animal data had earlier shown that the cells gradually differentiated into neurons and glia. They also express a number of known neurotrophic factors, together with other candidate factors and extracellular gene products of interest. These factors are free to diffuse throughout the vitreous and enter the retina, where multiple host cell types exhibit signs of activation, leading directly or indirectly to a neurotrophic effect at the level of the photoreceptors. In phase I/IIa study subjects with RP, intravitreal hRPC treatment was associated with improved BCVA outcomes in treated eyes versus uninjected eyes at 12 months follow up (Kuppermann et al., 2018) . Results from the masked, controlled phase 2b are not yet available.
Using this approach, the intravitreal RPCs are not required to integrate into the host retina to achieve the desired treatment effect. The grafts are not vascularized and do not stimulate neovascularization. This lack of integration and vascularization may contribute to the cells gradually losing viability over time, eventually leading to elimination of the graft. Experience in animal models indicates that repeat injection of RPCs are feasible and, importantly, that prior treatment does not lead to graft rejection upon repeat dosing (Chen et al., unpublished data). Initial human data show tolerance for a repeat hRPC injection, given to the fellow eye, although functional responses to re-injection are not available currently and same-eye re-injection has not been explored.
With funding from the California Institute for Regenerative Medicine (CIRM), initial clinical product manufacturing was performed at UC Davis in 2012. The starting material was fetal retina, received via an approved tissue donation process. This was followed by formal preclinical studies of intended clinical product in rodents and pigs (the latter in collaboration with NCATS). Results were submitted to the FDA as part of an IND package in late 2014. Following successful completion of the review process in 2015, a phase I/IIa clinical trial of human retinal progenitor cells was initiated in RP (NCT02320812). The objective of this initial, single arm, open label study was to demonstrate safety and tolerability in a small group of severely affected patients, including investigation of dose escalation. Treatment consisted of a single injection of allogeneic human RPCs, under topical anesthesia, into the vitreous cavity of the worse-seeing eye.
Based on extensive prior experience with allogeneic neural and retinal progenitor cell transplantation in a range of animal species, including mice (Klassen et al., 2004b) , rats (Young et al., 2000) , pigs (Klassen et al., 2007a) , and cats (Klassen et al., 2007b) , it was expected that allogeneic RPCs would also be well tolerated in humans. Therefore, active immunosuppressive measures were not employed, although a brief course of topical steroids was used with the objective of mitigating inflammation related to the injection procedure. Similarly, the MHC status of both cell lots and trial participants was determined for research purposes, but not used to prospectively cross-match cells with recipients.
Likewise, because the goal of this intervention was a non-specific neurotrophic effect with emphasis on reviving cone function, the precise rod-related mutations underlying each patient's RP were not used as an enrollment criterion. Genetic testing was performed on enrolled subjects for retrospective analysis, but not used as a screening tool. Similarly, sex of donor and recipient were recorded but not matched prospectively. Patients 18 years of age and older were potentially eligible and a broad range of ages were eventually enrolled, as were a number of patients with Usher syndrome. Patients were divided into two cohorts based on initial visual assessment. In the interest of safety, patients in the first cohort were more severely affected, with best-corrected visual acuity (BCVA) ranging from "hand motions" to 20/200. The follow-on cohort had somewhat better vision, ranging from 20/200 to 20/63. In either case the visual fields were severely restricted and central fixation was absent or impaired.
The initial dose tested was 0.5 million cells. Following a series of reviews by an external DSMB, the dose level was sequential raised to 1, 2, and finally 3 million cells. These dose figures could be viewed as moderate by systemic and central nervous system standards, where larger cell numbers are often thought to be necessary (Selden et al., 2013; Sezer et al., 2000) . This is made possible by the relatively small confines and restricted microenvironment of the eye. In the context of other ocular projects, the greater volume of the vitreous cavity allows for delivery of larger cell numbers than can be easily accommodated under the retina.
Outcome data
After treatment, all patients were followed for a 12 month period with BCVA at that time point (versus fellow eye) used as the primary outcome measure. Given the relentless nature of RP, combined with the slow time course of progression, the use of BCVA was a controversial choice in that it might not be expected to demonstrate positive treatment-related changes, particularly over the relatively brief 1 year time period evaluated. Nevertheless, BCVA is a particularly well-accepted measure, familiar to the clinical sites and FDA. The need to validate alternative potential measures poses significant challenges to rapid implementation and acceptance. Ultimately, BCVA was chosen to expedite progress while additional measures were evaluated.
A total of 28 patients were enrolled in the trial (NCT02320812), which was completed in August of 2017, and the results are currently being prepared for publication. Overall, the investigational cells were well tolerated, with a favorable safety profile. The majority of adverse events (AEs) recorded were anticipated based on the injection procedure alone, such as transient ocular pain and conjunctival injection or hemorrhage. Beyond that, there were cases of mild to moderate anterior segment inflammation that responded to conventional steroid treatment. Of note, these inflammatory events were not associated with destruction of the intravitreal grafts and therefore did not constitute classical immune rejection.
There were no ocular severe adverse events (SAEs). A single systemic SAE was declared based on new onset leg pain associated with difficulty ambulating in a visually impaired subject. The case was extensively worked up and ultimately redesignated as unlikely to be treatment-related.
There were widespread subjective reports of gradual improvement in various aspects of visual function. These anecdotal reports were backed up by objective measures of BCVA. Acuity of treated eyes was superior to that of untreated eyes at both 6 and 12 month time points. Evidence of treatment effect appeared more pronounced for the highest dose level: the mean change in BCVA from pre-treatment to month 12 (treated eye minus untreated eye) was 3.64 letters for all subjects, (subgroups: 1.38 letters for the 0.5M dose group, 1.00 letter for the 1.0M dose group, 4.83 letters for the 2.0M dose group and 9.00 letters for 3.0M hRPC). BCVA was also elevated relative to baseline in the treated eyes, consistent with an actual improvement in visual resolution, as opposed to just slowing of visual decline (Kuppermann et al., 2018) .
All 28 patients were entered into an extension of the phase I/IIa trial and offered a single treatment in the fellow eye. Most patients opted to get bilateral treatment. In addition, a mobility test (maze) and other assessments were introduced as part of follow up testing. Immune suppression was again not used, even though a repeat dose presents a potentially greater immune challenge, and these second grafts have also been well tolerated to date.
Future work
Based on the gratifying results of the phase I/IIa trial, a phase IIb clinical proof-of-concept trial (NCT03073733) was initiated with a goal of demonstrating efficacy in a masked study with a control arm. This masked study includes two dose levels and a mock injection group. The goal is to enroll sufficient numbers of patients in order to obtain final results from a minimum of 25 subjects per group for statistical purposes. Enrollment was completed in June of 2018.
From a strictly biological perspective, intravitreal RPC transplantation appears to be helpful at the level of individual patients. Since it is not yet approved for general use, further validation will be required, in association with additional steps in the translational process. These include completion of the current phase IIb clinical trial, ongoing technology transfer and scale up of manufacturing at a commercial manufacturing organization (CMO), as well as a future phase III pivotal trial using commercial product.
The use of intravitreal RPCs in RP shows considerable promise as a treatment for this devastating and otherwise untreatable condition. So far, treatment has been necessarily restricted to patients at an advanced stage of disease progression, hence with severe visual impairment. It will be interesting to see how this neurotrophic-based effect impacts patients at different stages of the disease. In particular, how effective might it be in forestalling visual decline in patients when used at an earlier stage? With repeated treatment starting early enough might it be possible to avoid progression to legal blindness? It is an intriguing possibility that begs to be explored, once an acceptable safety profile is clearly established.
Additional work can also be done at the level of the cells. As details of the mechanism of action are uncovered, strategies for enhancing potency will likely become apparent. Looking ahead, RPCs can also be genetically modified and used in combination with other cell types, substrates, or technologies. Progress with pluripotent cell lines suggests a future in which manufacturing will no longer require starting from donor tissue.
RPCs are not specific to RP as an indication. A wide range of retinal and optic nerve diseases could benefit from effective neuroprotection. Even where treatments are now available, such as exudative AMD and diabetic retinopathy, current long term clinical outcomes suggest ample room for improvement.
Palucorcel
Janssen Research and Development LLC sponsored an open-label phase I/IIa trial (clinicaltrials.gov identifier NCT01226628) to evaluate the safety and tolerability of the subretinal administration of hUTC (known as CNTO-2476) in patients with visual impairment due to GA secondary to dAMD. CNTO-2476, or palucorcel, comprises hUTCs in a proprietary formulation. The therapeutic principle behind this study was that the subretinal hUTC would preserve or promote RPE function, and possibly neural retinal function, through a paracrine mechanism (Koh et al., 2018; Lund et al., 2007) . Non-injected fellow eyes served as controls.
Delivery protocol
The cells were cryopreserved prior to delivery. The delivery of the cells into the subretinal space was through a surgical procedure using a novel device, the iTrack model 275 microcatheter (iScience Interventional Corporation, USA) that was inserted via a peripheral scleral cutdown. This type of device was originally designed for the treatment of glaucoma by canaloplasty (Lewis et al., 2009 (Lewis et al., , 2011 -it was inserted into the front of the eye and placed into Schlemm's canal to deliver viscoelastic material directly into this space. The device includes an innovative lighted tip so that the surgeon can use this beacon to detect its position inside the eye and therefore be able to guide it appropriately.
A different model, the iTrack model 400 microcatheter, was used for suprachoroidal delivery of non-cellular medications for advanced exudative AMD in another clinical trial, and the use of this device was successfully accomplished in all eyes without significant surgical complications (Tetz et al., 2012) . However it should be noted that the goal in this study (Tetz et al., 2012) was to deliver the therapeutics into the suprachoroidal space, not the subretinal space -the latter target requiring penetration of the choroid, a maneuver that in principle could increase the risk of internal bleeding as the choroid is highly vascular. The palucorcel study targeted the subretinal space. It is useful to review the surgical procedure in detail here, as this component of the study appeared to be the main source of safety concerns in this clinical trial rather than the actual cell therapy product. The authors describe a purely ab-externo procedure without vitrectomy. In this procedure, a moderate-sized peripheral scleral cutdown (measuring approximately 3 mm long, and positioned 8-11 mm posterior to the corneoscleral limbus) was made, followed by choroidotomy which is an incision or penetration through the vascular choroid layer. Then, a subretinal bleb was created with a wire-tip microcannula and sodium hyaluronate viscoelastic injection (Healon, Abbott Medical Optics, USA).
Outcome data
A total of 35 participants underwent at least a partial surgical procedure as reported by the authors in their 2017 publication of the study results (Ho et al., 2017) and the cellular dose range was 60,000-300,000 cells per administration. The cell product was successfully administered in 33 subjects.
In this study, a high rate of complications related to the delivery procedure was reported: six (17.1%) retinal detachments and 13 (37.1%) retinal perforations, likely resulting in off-target delivery in these cases. The authors commented that the rates were unacceptably high. The retinal perforations were most often located anteriorly, at the site of the subretinal bleb induction. Retinal detachments are a known consequence of untreated retinal breaks or perforations, and can lead to proliferative vitreoretinopathy (PVR) in severe cases. PVR is analogous to a severe retinal scarring response which can cause recurrent retinal detachments (Machemer et al., 1991; Pastor, 1998) . PVR occurred in two (5.7%) patients, raising some concern of a possible link with the injected cells. Retinal detachment and retinal perforations were considered as severe adverse effects (AE). Overall, the authors' analysis was that the majority of AEs were reasonably judged to be related to the eye surgery or surgical delivery system (including the iScience microcatheter and ancillary devices used in the surgical procedure).
Retinal perforations could occur at anterior or posterior locations. Per the report, "if a retinal perforation posterior to the equator was observed, the investigator was not to inject palucorcel. For retinal perforations observed anterior to the equator, injection of the cells was based on the investigator's clinical judgment." Presumably, this caution was instituted because perforations that occurred posterior to the equator could lead to off target cell product delivery into the vitreous cavity, or further retinal damage, if the injection procedure was carried out.
Initially, visualization of the inside of the eye and target surgical zone was achieved with indirect ophthalmoscopy. After the first ten subjects had received palucorcel, the investigators introduced a surgical modification consisting of ophthalmic endoscopy (Endo Optiks E2 System, Beaver Visitec, USA) that facilitated better internal visualization. They noted a reduction in the rate of retinal detachment but an increase in the rate of retinal perforation -the latter likely due to improved detection of anterior perforations as a result of the endoscopic examination. Interestingly, in some subjects, follow up retinal examination revealed the presence of catheter tracks and linear fibrosis along the route of travel of the iTrack microcatheter. The authors stated that "the iTrack microcatheter delivery system was not adequate for continued development" (Ho et al., 2017) and that improvements in the surgical methods are in evolution.
Histological data regarding an epiretinal membrane removed from a patent that received CNTO-2476 ERM indicated the presence of both subject (self) cells and palucorcel (Spencer et al., 2017) . This suggested that reflux of CNTO-2476 into the vitreous cavity after retinotomy may have contributed to ERM and RD development in this case.
Encouragingly, no significant immune response or rejection was observed in eyes that received palucorcel, indicating that the cell product did not provoke a significant reaction even though there was no protocol-specified systemic immunosuppression included in this study. There was no tumor formation. The presence of serum antibodies were detected in several patients but these did not correlate with ocular AEs or inflammation events. In terms of visual acuity results, at month 12, the median BCVA change was 4.5 letters (range, −41 to 32) in the intervention eyes and −0.5 letters (range, −30 to 15) in the fellow control eyes. More than 30% of subjects gained ten or more letters in BCVA at months 3 though 12. These visual acuity results should be interpreted in the context of the absence of masking this study. In terms of anatomical outcomes, the intervention did not seem to alter the growth rate of GA lesions when analyzed as a group.
Overall, this study appears to describe a cell product that is reasonably safe and well-tolerated as a single-dose therapy. The cell product also has potential for positive biological effects: where the cells were contained in the subretinal space, the encouraging results suggested a advantageous effect on the retinal degenerative disease process as CNTO-2476 conferred potential visual function improvements in certain patients (Ho et al., 2017) . However, the surgical delivery method could be further optimized so that sight-threatening complications are minimized as far as possible.
UC davis
The team of researchers at the University of California Davis has successfully made the transition from bench to clinic exploring the retinal regenerative potential of intravitreal injection of human CD34 + stem cells harvested from bone marrow. This was accomplished by completing all preclinical safety studies as requested by the Food and Drug Administration (FDA) and completing a new investigational drug (IND) application for clearance from the FDA.
Background data
The investigators selected CD34 + cells from bone marrow as the target cell therapy since these cells are known to be mobilized into the systemic circulation from bone marrow in response to tissue injury as part of the normal repair mechanism of the body (Asahara et al., 1997; Park, 2016) . They play an active role in tissue revascularization following ischemia and appear to have regenerative effects beyond ischemic injury (Mackie and Losordo, 2011; Park et al., 2017; Vrtovec et al., 2013) . By introducing these repair cells directly into the eye via intravitreal injection, the goal is to enhance the normal repair mechanism of the body. The investigators adopted the idea of exploring intravitreal injection of CD34 + cells to treat retinal disorders based on the excellent safety profile of using these cells in clinical trials for cardiomyopathy and reported potential efficacy as detailed in Section 2.5.3 above. The long-term ocular and systemic effects of intravitreal injection of human CD34 + cells from bone marrow was studied in NOD-SCID mice with acute retinal ischemia-reperfusion injury (Park et al., 2012) . Some of these injected human cells were noted integrated into the mouse retinal vasculature long-term without any abnormal cellular proliferation in the eye or in any major organ of the body. An apparent normalization of the murine retinal vasculature was noted long-term. The FDA cleared the IND application for intravitreal injection of autologous CD34 + stem cells isolated from bone marrow so that a clinical trial could be started exploring this cell therapy as a potential treatment for vision loss associated with ischemic or degenerative retinal conditions. Autologous cell therapy was chosen by the investigators since it avoids the use of systemic immunosuppression which can have significant systemic side-effects (Schwartz et al., 2015b . These cells can regenerate tissue via direct engraftment and paracrine trophic effects and these effects do not appear to be disease-specific (Vrtovec et al., 2013) . Preclinical studies have shown protective and potential regenerative effects of intravitreal injection of human CD34 + cells or bone marrow hematopoietic stem cells on ischemic or degenerating retina in various animal models (Caballero et al., 2007; Moisseiev et al., 2016; Otani et al., 2004; Park et al., 2012) .
Study design
A pilot single-center clinical study was started at UC Davis exploring the safety and feasibility of intravitreal injection of CD34 + cells isolated from bone marrow (clinicaltrials.gov identifier NCT01736059).
To date, the study has enrolled and treated nine eyes from nine subjects with persistent vision loss from various retinal conditions. They include hereditary or nonexudative age-related macular degeneration, retinitis pigmentosa, retinal vein occlusion and diabetic retinopathy. As a phase I study, this is an open label study designed to determine safety and feasibility of this experimental treatment. As such, only one eye with the worse visual acuity is treated with the experimental cell therapy and the vision loss in this eye has to be longstanding and moderately severe (best corrected visual acuity of 20/100 or worse or visual field constricted to within 10°). Individuals on systemic immunosuppression are excluded from study enrollment since such treatment will alter the bone marrow. Pregnant women are excluded to avoid unknown risks to the fetus. Children and prisoners are also excluded since they are considered vulnerable populations.
Outcome data
The results of the phase I study showed that intravitreal injection of autologous CD34 + cells was feasible and not associated with major safety concerns. The findings of the first six eyes from six subjects enrolled and treated in this open-labeled prospective study has been published . Three additional subjects have been enrolled and treated without any safety or feasibility concerns since the 2014 publication. The bone marrow aspiration was performed in an out-patient setting and under local anesthesia by an experienced hematologist. The procedure was well-tolerated by the study subjects. A desired number of CD34 + cells could be isolated from a single bone marrow aspirate. The CD34 + cell isolation and enrichment was performed under Good Manufacturing Practice (GMP)-conditions in a certified laboratory within the University of California Davis Institute for Regenerative Cures. The cells were isolated by positive selection from the monocular cell fraction of the bone marrow aspirate using a magnetic cell sorter device which is approved by the FDA for clinical applications. All harvested cells passed the release test and post-release analysis for sterility and viability. The phenotype of the harvested CD34 + cells was confirmed by flow cytometry. The isolated CD34 + cells were re-suspended in a small volume of saline for intravitreal injection. The intravitreal injection was performed promptly and on the same day as the bone marrow aspiration. The injection was performed by a vitreoretinal specialist in the eye clinic. It was welltolerated by all study subjects. No adverse effects have been noted during the six-month follow-up period of the study and during the extended follow-up as part of standard of care. Although the phase I study is not designed to evaluate for efficacy, varying degrees of visual gain was noted in many treated eyes. In some subjects, high resolution in vivo retinal imaging instruments were used to visualize cellular changes within the retina following cell therapy. Adaptive optics-optical coherence tomography imaging showed subtle changes within the retina at a cellular level in some of the treated eyes consistent with intraretinal homing and integration of injected cells . Among the treated subjects in the study, the subject with persistent vision loss from a central retinal vein occlusion had the greatest improvement in vision after this cell therapy. Visual acuity improvement was noted within one month following cell therapy. Marked resolution of retinal hemorrhages and microvascular changes were noted on fundus photography and fluorescein angiography by three months following CD34 + cell therapy in this eye with retinal vein occlusion, although such changes may also occur in the natural history of untreated central retinal vein occlusion. The improvement was sustained for the duration of follow-up.
Future work
The National Eye Institute will sponsor a phase I/II randomized prospective double-blinded sham control study to study further the safety and potential efficacy of intravitreal autologous bone marrow CD34 + cell therapy in treating retinal vein occlusion. This single-center study will be called the TRUST study (Treatment of Retinal vein occlusion Using STem cells). The study will be conducted at UC Davis. The study will be conducted under a new IND that has been cleared by the FDA and cross-referenced to the original IND for this cell therapy. Study enrollment is anticipated to start in early 2019.
The TRUST study will enroll a total of 20 eyes from 20 subjects with persistent vision loss from retinal vein occlusion. Best corrected visual acuity in the study eye must be 20/60 to counting fingers from retinal vein occlusion to qualify for enrollment. Vision loss must have persisted for over 6 months. An eye that received other standard of care therapies for retinal vein occlusion within 6 months before study enrollment is excluded. The double cross-over design of the study enables all enrolled subjects to receive CD34 + stem cell treatment by month six while maintaining masking for the duration of the study. Each subject will be followed for 24 months. The primary endpoints of this study are (1) the incidence and severity of ocular and systemic adverse events associated with the intravitreal CD34 + stem cell treatment and (2) the mean number of CD34 + cells isolated from bone marrow aspirate for intravitreal injection. The secondary endpoints of the study will include changes in retinal function and morphology following stem cell treatment as gauged by various diagnostic tests and imaging instrumentation. Although the study is small and may not powered to detect treatment efficacy, the various diagnostic tests and subjective and objective measures of retinal function provide opportunities to detect treatment trends that could be used to design a larger future clinical trial. The results of this prospective study will provide a framework for a potential larger clinical trial powered and designed to evaluate treatment efficacy.
Potential limitations
The potential pitfalls of this autologous CD34 + cell therapy are host factors that may affect the regenerative potential of the cells . Chronic diseases such as diabetes mellitus and cardiovascular risk factors have been shown to affect the quality and quantity of these cells mobilized into the systemic circulation (Vrtovec et al., 2016) . These host factors may also affect unmobilized CD34 + cells in bone marrow. Fortunately, research shows that the effect of these host factors on CD34 + cells can be modified; various methods are being explored by researchers . Another potential limitation of autologous CD34 + cell therapy is that the CD34 + cells represent a mixture of cell subclasses (Park, 2016) . Research is on-going to better characterize these subclasses. Whether further isolation and expansion of a "target cell" will result in a more robust regenerative therapeutic response than using CD34 + cells is unknown and this is another area of ongoing research.
Based on data from ischemic and non-ischemic cardiomyopathy clinical trials, clinical response to cell therapy appears to correlate with number of CD34 + cells administered in the cell treatment (Vrtovec et al., 2013).
Astellas
Schwartz et al. were the first to transplant hESC-derived RPE into the subretinal space of human patients with dAMD and Stargardt diseaseSchwartz et al., 2012 ().
Because of concerns for genetic alterations in iPSCs (Lister et al., 2011; Ohi et al., 2011) , hESC were used as the source cell to differentiate into clinical grade RPE cells. The MA09 hESC line was expanded in culture and allowed to differentiate into embryoid bodies with pigmented RPE cells. The pigmented cells formed hexagonal monolayers and were tested extensively for pathogens, chromosomal rearrangements, purity, phagocytosis (functional) assays, and differentiation studies using quantitative PCR and immunostaining.
The preclinical safety and efficacy analysis was done in three animal models (Lu et al., 2009) , In Royal College of Surgeons (RCS) rats and Elovl4 mutant mice, the hESC-derived RPE cells were injected subretinally to confirm integration of the transplanted human RPE in these models of retinal degeneration. Visual function and light sensitivity thresholds improved without evidence of tumor formation or inflammatory response. Furthermore, transplantation of hESC-derived RPE in National Institutes of Health III immune-deficient mice showed no evidence of teratoma formation or metastasis.
Study design considerations
Two important anatomic considerations were carefully incorporated into the design of the study and are worth noting here. First, although dAMD is far more prevalent than Stargardt disease, patients with the latter were incorporated into the Phase I/II trial in order to determine the effect of Bruch membrane and choriocapillaris health. In advanced dAMD, there is known to be senescence of Bruch membrane and thinning of the choriocapillaris which not only plays a role in the pathophysiology but also may impact the relative survival, engraftment, and polarization of the transplanted cells (Ardeljan and Chan, 2013) . By including patients with SD, who are in general much younger than dAMD patients, the relative effect of a diseased Bruch/choriocapillaris complex can be partially addressed by studying the transplanted cells in both disorders -although it must be noted that significant choriocapillaris attenuation is known to occur in relatively young SD patients (Battaglia Parodi et al., 2017) .
The second consideration was the intended delivery site of the cells. The investigators sought to treat an area adjacent to the central macula-a transition zone between the relatively healthy retina and the severely atrophic fovea (Schwartz et al., 2016) . This area has already been compromised by the disease process and in some ways recapitulates the state of the macula in earlier stages of the disease. Earlystage disease may represent the eventual target for treatment with cellular therapies. It is unlikely that visual recovery of the atrophic central macula can be achieved solely with transplanted RPE cells when there is substantial atrophy of other surrounding tissues such as the choriocapillaris and photoreceptors.
Immunosuppression and other safety issues
A major concern with subretinal transplantation of hESC-derived RPE cells is the potential for immunologic response to the cells. This immune response could not only eliminate the transplanted cells but also incur collateral damage to neighboring host cells. The immunosuppression dose used by Schwartz et al. included tacrolimus and mycophenolate mofetil one week before and up to 6 weeks after the treatment, followed by mycophenolate mofetil alone for an additional 6 weeks (Schwartz et al., 2015b) . Importantly, no subretinal inflammation was observed in any of the patients treated. However, the tolerability of this immunosuppressive regimen in elderly patients was linked to the majority of systemic adverse events observed in the pilot studies. These included one urinary tract infection and two non-melanoma skin cancers. The degree to which transplant-dose immunosuppression is necessary must be analyzed in future trials. In addition, the use of autologous iPSCs or HLA-matched iPSC could be considered as potential solutions to avoid rejection and immunosuppression issues (Ardeljan and Chan, 2013; Schwartz et al., 2012 Schwartz et al., , 2015b Schwartz et al., , 2016 .
There was no evidence of teratoma formation or hyperproliferation. The only serious complication was a case of Staphylococcus epidermidis endophthalmitis in a Stargardt disease patient that was noted in the immediate postoperative period and resolved with medical management. Although three eyes had preretinal pigmentation at the injection site, none of the eyes developed epiretinal membranes or vitritis.
The hESC-derived RPE delivery by Schwartz et al. was performed via subretinal injection of a cellular suspension. Because this technique is the least challenging, it shifts safety and efficacy concerns to the transplanted cells rather than the surgical technique. Furthermore, the use of a scaffold introduces an additional experimental variable that reflects the material used, its dimensions, the delivery device, biodegradability, and permeability aspects (George et al., 2017) .
Outcomes of hESC-derived RPE transplantation studies
When interpreting the results of the Phase I/II studies, it is important to keep in mind that the studies were designed as first-in-human safety studies. It was a multi-center study including nine patients with dAMD (median age: 77 years) and nine patients with Stargardt disease (median age: 50 years). There were three dose cohorts ranging from 50,000 cells to 150,000 cells. The primary endpoint was safety of the hESC-derived RPE cells in these two patient populations. Secondary endpoints included visual acuity, visual fields, ophthalmoscopy, optical coherence tomography (OCT), fundus autofluorescence, fluorescein angiography, and electroretinography. Serial physical examinations and blood testing was performed by an internist.
The hESC-derived RPE cells were well tolerated without any adverse events related to the cells themselves. 13 out of 18 patients displayed subretinal pigmentation-potential evidence of cellular integration and survival. This pigmentation occurred at the border of the atrophy (transition zone) with some degree of thickening of the RPE layer on OCT. It was not possible to exclude that the pigmentation may have included pigment-laden macrophages. However, definitive structurefunction correlations could not be performed without the use of adaptive optics imaging, microperimetry, or a labeling technique for the cells.
Visual outcomes in these pilot studies must be interpreted with caution. The study was small and included patients with advanced disease and no masked controls. Numbers were too small for meaningful statistical analysis (Hanley and Lippman-Hand, 1983) . Furthermore, visual acuity measurements can be difficult in patients with advanced geographic atrophy (Sunness, 2015) . However, among the nine patients with dAMD, BCVA at six months improved by up to three lines or remained stable without any eyes losing vision. Among the eight eyes of Stargardt disease patients, seven eyes gained up to three lines of vision or remained stable. One eye lost two lines of vision.
These results from the first-in-human use of hESC-derived RPE for treatment of two forms of macular degeneration are encouraging and have set the foundation for future trials. The next step is to perform randomized multicenter trials using more advanced imaging and functional measures to better ascertain efficacy. These studies should also define the ideal state of the disease in which to intervene, which may involve studying eyes with mild to moderate vision loss and no geographic atrophy.
RIKEN
5.5.1. iPSC as a source for RPE Hirami et al. (2009) were the first to successfully produce retinal cells from mouse and human iPSCs by differentiating in vitro using a serum-and feeder-free method to avoid the risk of adverse immunologic responses and potential exposure to xenopathogens (Hirami et al., 2009) . Jin et al. (2011) reported the production of intrinsic patient-specific iPSCs from patients with distinct mutations in the RP1, RP9, PRPH2, or RHO genes that recapitulated the disease feature in vitro (Jin et al., 2011) . These disease modeling techniques have contributed greatly to the elucidation of the retinal degeneration pathology.
The morphological and functional features of iPSC-RPE for its clinical adaptation have been reported. Kamao et al. (2014) assessed the quality, quantity, consistency, and safety of clinical-grade hiPSC-RPE sheets , and demonstrated that iPSC-RPE formed tight junctions, secreted growth factors, and showed phagocytotic ability and gene-expression patterns akin to those of native RPE. Maeda et al. showed that iPSC-RPE possesses functional visual cycle enzymes in vitro and in vivo. Moreover, they reported that transplantation of iPSC-RPE into Lrat −/− and Rpe65 −/− mice rescued vision in these animals (Maeda et al., 2013) . These RPE cells expressed typical RPE markers and showed secretory ability and physiological activity similar to those of native RPE in vivo and thus can be readily used as cells for transplantation. Hirami et al. applied the method to human iPSCs (Hirami et al., 2009 ). Kamao et al. evaluated the human iPSC-RPE cell sheet as preclinical study (Kamao et al., 2017) .
Conceptual framework for regulation and safety
For cell therapy, there are two strategies: one is replacement of damaged tissues and the other is using trophic effect of donor cells. The requirement of the donor cells will be different for each strategy. For a trophic effect, donor cells can be immature and few in number. But for replacement therapy, one should prepare sufficient numbers of fully functional cells. Several clinical trials are ongoing using intravenous injection of mesenchymal stem cells. From a regulatory perspective, those cells are treated like drugs because the route to reach to the lesion and the potential systemic influence is similar to drugs. Another style is cell therapy that requires surgery. The effects of these donor cells are usually local and therefore the procedure should be modified and improved constantly like usual surgeries.
Safety is the most important issue for the first clinical application of iPSC cell therapy. The following risks should be considered:
• Cell risk -Tumorigenicity, gene mutation, contamination, etc.
• Treatment risk -Complications of local and systemic immune suppression, surgical complications, donor cell reaction to the host environment, etc.
• Disease risk -Deterioration risk of disease without treatment.
It is common for observers to consider only the cell risk. The small number of cells (e.g. 1 × 10 5 ) that are sufficient for retinal cell transplantation reduces the chance of tumor-forming cells contaminating the donor cell preparation. However, as distinct from small molecule drugs, cell therapy entails surgery and additional surgery-related complications. The reported complications include epiretinal cells or membranes with both ESC and iPSC delivery, retinal detachment and endophthalmitis with ESC-RPE delivery, diarrhea, pneumonia, protrusion of the slow release steroid as immunosuppression-related issues, and proliferative vitreoretinal retinopathy with mesenchymal cell delivery. Contrary to the common view that somatic cells are the safest option, it can be seen that mesenchymal cells have caused the most severe complications of retinal cell therapy so far . The safety profile of iPSCs is high because this treatment approach would not need immune suppression when applied autologously and could be the safest option to use for older patients. From these points of view, the RIKEN team applied a protocol of the first iPSC clinical research to the ethics committee in 2012, five years after the invention of human iPSCs.
The iPSC-RPE transplantation effort using human iPSCs was fasttracked for its clinical use in patients with AMD for the following reasons: 1) the cellular functions and reproducibility of iPSC-RPE have been well described, as mentioned above; 2) the number of cells required for treatment is relatively small; 3) iPSC-RPE shows unique pigmentation during differentiation, which is useful for the identification, purification, and evaluation of these cells ; 4) clinical studies of human ESC-derived RPE for dry AMD had already been performed Schwartz et al., 2012 Schwartz et al., (, 2015a ; and 5) RPE is an especially safe cell type and rarely forms tumors.
Production of iPSC-RPE for clinical application
The production of iPSC-RPE for clinical application requires strict quality control and accordance with good manufacturing practice (GMP). The GMP ministerial ordinance, issued by the Japanese government, stipulates the maintenance of both product safety and manufacturing.
In the production of RPE sheets for this clinical study, all culture reagents were traceable and secured, and a clinically usable manufacturing practice was adopted to ensure that the differentiation-induction process was suitable for clinical use. For iPSCs culture, a cell processing facility with a GMP-compliant cell regulation room was used. All procedures were checked by personnel from three divisions at the investigators' institution: 1) the cell culture department; 2) the quality control department; and 3) the facility management department. All processes including cell culture, quality control and facility management were recorded in standard operation procedure (SOP) documents (Takahashi, 2016) .
Cellular safety and quality assays
It is important to consider the heterogeneity that is present in a single colony of stem cells. It is well known that different stem cell lines have different characteristics. However, the truth is that different characteristics exist even amongst heterogeneous sub-populations in a single colony within the same protocol. For example, if several genetically mutated cells exist in the iPSC/ESC colony, they may proliferate faster than normal cells and will dominate in various ratios in the cell line. Thus, even in the working cells at a certain passage number that are expanded from the same master cell bank, the population is probably different over time. With this in mind, safety must be ensured with a robust protocol including a purification process for the elimination of tumor-forming cells. The investigators considered this discrepancy from the beginning of this project and ensured purification by picking up only the pigmented cell clusters at the end of cell production to cancel the developmental differences among cell lines from various patients. It is especially important to plan the autologous iPSCderived cell transplantation, because the difficulty of generating consistently good iPSCs and the varying efficiency of RPE differentiation from patient to patient.
Two lines of patient-specific iPSCs were generated using non-integrating episomal vectors and were differentiated into RPE cells as described previously. Quality control for safety was tested as follows: Lin28 was negative (less than 1/50000 cells) by qRT-PCR. 100% of the cells for the first patient showed RPE markers, and 0% showed iPSC markers by single cell RT-PCR. By microarray analysis, the 10 lines from three individuals with two different iPSC generation methods and two different RPE differentiation methods showed similar expression patterns of RPE signature genes. Cluster analysis showed those 10 lines clustered together near the cluster of fetal RPE cells, whereas RPE19 data were situated distant from those clusters. CAGE transcriptome analysis of 18,000,000 genes showed that the discrepancy between the iPSC lines and among the iPSC-RPEs were less than that between individual skin fibroblasts. Thus, the team was confident that they could make RPE cells of the same quality from different individuals; however it is difficult to make same good quality iPSCs from each individual.
The greatest risk of cell transplantation is tumor formation. There always exists the risk of gene mutation at each cell division. RPE cells were chosen as the target cells because they seldom form tumors. There is no report about a metastatic tumor derived from RPE even in familial tumor patients who have various cancers with hereditary oncogene (e.g. p53) mutations. This means even with an established oncogenic mutation, RPE cells do not generate metastatic malignant tumors. This was viewed as a big advantage for the first clinical application of iPSCs compared to other type of cells in the body.
In 2013, 2014, the Kawamata group reported a highly sensitive method to detect residual human iPSC based on qRT-PCR (Kuroda et al., 2012) and confirmed that iPSC-RPE possessed negligible tumorigenic potential, as shown by the results of subcutaneous tumorigenicity test using Matrigel and subretinal tumorigenicity test in NOG mice and nude rats, respectively (Kanemura et al., 2014) . The same group also reported that PEDF secreted from primary RPE and iPSC-RPE induced apoptosis in iPSC, indicating that the tumor-forming potential of iPSCs can be suppressed by the simultaneous transplantation of iPSC-RPE (Kanemura et al., 2013) . Moreover, the inside of the eye abounds with retinoic acid, which has antitumor activity, and there has been no report of RPE tumor growth in the eye. Taken together, these findings suggested that RPE is a particularly safe cell type that seldom forms tumors, especially under a non-permissive environment for tumor formation. The safety of iPSC-RPE cells was further confirmed by conducting a series of tumorigenicity tests in immunodeficient mice for one year.
First clinical application of iPSC for AMD
The first clinical study of iPSC-RPE for neovascular AMD was initiated in August 2013; the patient was enrolled in November 2013 and received the iPSC-RPE sheet transplant for neovascular AMD in September 2014. The primary endpoint was the validity of the overall protocol of autologous iPSC-RPE sheet transplantation, namely, the safety of iPSC-RPE as a graft source and the procedure of transplantation of an RPE sheet prepared in vitro. The secondary endpoints of clinical efficiency including the retinal morphology and visual function after surgery was also addressed.
The patient was a 77-year-old Japanese woman diagnosed with polypoidal choroidal vasculopathy (PCV, a subtype of neovascular AMD). She had received repeated intraocular injections of an anti-VEGF drug before the surgery and presented a gradual decrease in visual acuity for 5 years.
The patient underwent surgery to remove the neovascular membrane and received transplantation of the autologous iPSC-derived RPE cell sheet under the macular area (the center of visual function), using a surgical device consisting of a custom-designed hand piece and a cannula (Kamao et al., 2017) . The surgery was successful and no major bleeding or other serious adverse events were observed. After the surgery, the graft sheet initially curled on its margin, but gradually flattened and the graft area gradually expanded until 8 weeks post-surgery. At 2 years following the surgery, the transplanted sheet remained intact as detected by both fundus photography and optical coherence tomography (OCT). These findings indicated successful engraftment without rejection (Mandai et al., 2017b) .
A previous report showed that autologous iPSC-derived cells can cause immune-mediated rejection in mice (Zhao et al., 2011) ; however, the patient in this study did not show any sign of tissue rejection even without the use of immunosuppressant drugs. Nevertheless, the RIKEN team advise caution in extrapolating the findings for other types of iPSC-based transplantation, especially because iPSC-derived RPE cells have been shown to inhibit T-cell activation (Sugita et al., 2016b) . It is not clear if other iPSC-derived tissues do the same.
For the patient in this study, there was no improvement in postoperative best corrected visual acuity that was maintained at approximately 0.1 (equivalent to Snellen 20/200) throughout the follow-up period. The VFQ-25 score increased from 48.8 preoperatively to 58.3 after 1 year. Although the patient's diagnosis and disease stage precluded significant visual gains in this safety study, BCVA was stabilized with improvement in the VFQ score, and the patient expressed satisfaction with "brighter" vision, which was probably due to the removal of the CNV membrane. She also benefited from requiring no more anti-VEGF injections after surgery up to the present.
OCT presented good retinal integrity over the graft over 1 year after the transplantation with a highly reflecting signal that may have indicated recovering photoreceptor inner/outer segments. There were no serious complications accompanying the surgical protocol. The central retinal thickness was reduced by removal of the neovascularization with no recurrence so far.
Thus far, there has been no tumor formation; however, the longterm safety of this treatment must be further assessed. It should be emphasized that the findings from a single case cannot fully clarify the risk or benefit associated with this procedure.
A CD34-positive vascular rich CNV membrane was found despite the repeated injections of anti-VEGF drugs. This, and the reappearance of fluid immediately after the cessation of anti-VEGF treatment before the surgery, suggested that CNV removal was a reasonable therapeutic decision in this case.
Photoreceptor function over the grafted RPE is still to be determined in a longer observation of the patient or in future studies. At 3 year after surgery, the transplanted sheet survived well with no sign of rejection, and no serious adverse event including tumor formation had been observed. Photoreceptors and choroidal vessels were maintained only in the area adjacent to the grafted sheet.
Concerns of tumor formation
The major concern about cell-based therapies including those using iPSC is possible tumorigenicity. The investigators used a framework to classify safety levels of cell types as follows:
• Category I: Graft cells that disappear after several months • Category II: Graft cells that survive in the long term but proliferate only several times in vivo
• Category III: Graft cells that survive in the long term and continue proliferation For categories I and II, it is important to rule out contamination of the graft with proliferating cells, and in vivo tumorigenicity tests are most important for this purpose. For category III, that applies for the transplantation of progenitor cells themselves, genomic analyses are important because continuous cell proliferation may induce genomic aberrations after transplantation and result in tumors even with negative short-term in vivo tumorgenicity tests. Since iPSC-RPE transplantation belongs to category II, after confirmation of tumorigenicity in vivo for short duration, genetic mutations are not anticipated to pose a concern with regards to the late onset tumor formation. Strict in vivo tumorgenicity tests were performed using NOG mice, the most competent mouse strain that accepts human cells, together with a Matrigelembedded transplantation procedure, which allows~10000 fold higher sensitivity than conventional method. For category III, cancer genes in the donor cells should be screened because a second hit gene mutation may occur during continued cell division after transplantation in the host. Following the conceptual framework above, the RIKEN investigators were not overly concerned about genetic alterations that were detected in the iPSC-RPE of Patient 2 (see below) after the negative tumorigenicity tests. However, the ethical committee recommended that the transplantation be halted.
Patient 2 was a 68-year-old male with PCV. The iPSC and iPSC-RPE of Patient 2 fulfilled all the standard requirements. Being the first clinical trial, genomic analyses including whole-genome and wholeexome sequencing were performed to assess genome integrity, focusing on alterations that could reinitiate the cell cycle in RPE cells such as the activation of protooncogenes or inactivation of tumor suppressor genes. Driver mutations in the iPSC-28 or iPSC-RPE of Patient 1 were not detected. However, for Patient 2, one copy loss of two genes on autosomes (loss of one copy of the YAF2 gene on chromosome 12 and of the SNRPN gene on chromosome15) and a deletion of another gene located on the X-chromosome (loss of the normal copy of the STS coding gene) in both the iPSC and iPSC-RPE, but not the parental fibroblasts, were detected. The cells lacked a normal copy of the STS gene because the patient was male (XY). Since high sensitivity analysis by deletion alleletargeting PCR could not detect these deletions in the founder fibroblasts, it seemed the genomic change occurred during the reprogramming. Furthermore, there have been no reports indicating that the discovered copy number alterations (CNAs) have roles in tumorigenicity. However, in our experiences, few, if any, iPSC clones possess de novo CNAs that affect protein-coding regions. Therefore, these CNAs postulated a possible alert.
Transplantation of RPE has several advantages with regard to a relatively low risk of tumorigenicity:
1. A small number of cells are transplanted, 2. No metastatic tumors originating from RPE cells have been ever reported, and 3. The direct observation of the grafts on the fundus or with OCT at 7-μm resolution will immediately detect unexpected proliferation Thus, one could argue that postponing the surgery for Patient 2 because of CNAs was unduly strict. Although all the vivo tumorigenicity tests were negative for the iPSC-RPE cells prepared from Patient 2 even with those genetic changes, the transplantation was suspended because of the relatively moderate activity of the neovascular membrane and stable visual acuity under anti-VEGF therapy. Further studies and discussion are required on how to apply genomic analyses for evaluation of iPSC-derived cells for clinical use.
In this study, the first-in-man application of iPSC-derived cells was demonstrated and the study's endpoint -validation of the therapeutic protocol from iPSC-RPE generation to clinical competency -was met. Simultaneously, challenges for the future were highlighted including the need for a consensus on the criteria for genome integrity and the possible limits large-scale practicality of autologous transplantation related to this issue. Although the study demonstrated that autologous iPSC-RPE transplantation can be done safely, the time and expense to prepare the graft and to ensure its safety were immense.
Allo-transplantation using iPSC-RPE
As a next step, the investigators are now pursuing allo-transplantation using iPSC-RPE for AMD patients with matched HLA. Presently, the first 6-loci homologous iPSC cell line bearing the most frequent HLA combinations are being established to cover appropriately 19% of the Japanese AMD population, based on recently published data regarding haplotypes in this specific population (Takagi et al., 2018) . With this strategy, the aim is for efficient clinical trials that cover a larger number of subjects.
The host immune response to the transplanted cells must be thoroughly examined for allogeneic grafts, and the importance of HLAmatching in transplantation therapy has been demonstrated in hematopoietic stem cell transplantation . New laws for regenerative medicine in Japan were enforced in 2015, necessitating the closure of the initial protocol. At that time the investigators concluded that HLA 6-loci matched iPSC-RPE allogeneic transplantation would not cause immune rejection by in vitro and in vivo studies and moved to the allogeneic clinical research.
The team first investigated the presence of immune responses in in vitro and in vivo HLA-matched models. In vitro, iPSC-derived RPE cells express HLA class I/II antigens, but T-cells do not respond to HLA-A, -B, and -DRB1-matched iPSC-derived RPE cells from HLA homozygote donors (Sugita et al., 2016b) . Moreover, in a mammalian in vivo model, no sign of tissue rejection was observed in MHC-matched iPSC-derived RPE allografts in the absence of immunosuppression. In contrast, immune response was detected around the graft and retinal tissue damage in the MHC-mismatched model (Sugita et al., 2016a) . Based on these findings, the investigators hypothesized that iPSC-RPE from MHC homozygous donors can be used to treat retinal diseases in histocompatible recipients.
The Center for iPSC Research and Application (CiRA) of Kyoto University has provided guidance for this study including access the Japanese bone marrow bank to create iPSCs with common HLA in homozygous Japanese population. Using this resource, the team is currently performing larger, more efficient, and more informative clinical trials.
Regenerative Patch Technologies
The RIKEN study (Mandai et al., 2017b) entailed the use of a cellular sheet without an extrinsic scaffold; however, an alternative approach is to specifically address the degenerative changes in native Bruch membrane in AMD patients by including a synthetic Bruch membrane replacement as part of a composite implant. Kashani and colleagues at the University of Southern California Roski Eye Institute recently reported the interim results of a Phase 1/II clinical trial (clinicaltrials.gov identifier NCT02590692) evaluating a composite implant of stem cell derived RPE and such a synthetic substrate in the worse-seeing eye of subjects with advanced dAMD (Kashani et al., 2018) . The study was sponsored by Regenerative Patch Technologies.
Study design and scaffold
The RPE cells derived from human ESCs (derived from the NIH-H9 line), coupled with a nonbiodegradable parylene membrane substrate, was termed the California Project to Cure Blindness-Retinal Pigment Epithelium 1 (CPCB-RPE1) (Fig. 8) .
The parylene membrane used in this study was just six microns thick with a nonporous anterior surface that allowed the adherence of the overlying ESC-RPE cell sheet. It also featured a pattern of circular indentations, each approximately 50 μm in diameter, that were less than one micron thick. This membrane mimicked Bruch's membrane in its molecular exclusion characteristics. These circular regions enabled the bidirectional diffusion of solutes including nutrients and growth factors, hence supporting the survival of the overlying ESC-RPE cells after transplantation.
The CPCB-RPE1 construct measured 3.5 mm × 6.25 mm and supported approximately 100,000 mature ESC-RPE cells on its surface, so theoretically it could regenerate a patch of macula measuring almost 22 mm 2 . The FDA-cleared protocol included CPCB-RPE1 and a custom-designed surgical insertion forceps that was used for implantation. Protocol-specified immunosuppression was with tacrolimus from days −8 to 60 with a dose taper from day 42. The surgical procedure entailed an ab interno approach to the subretinal space though a standard pars plana vitrectomy procedure and a 1 mm retinotomy that was sealed with laser retinopexy after CPCB-RPE1 insertion.
Outcome data
In terms of the primary outcomes of safety and tolerability, one serious adverse event occurred and was judged to be possibly related to the surgical procedure (Kashani et al., 2018) and not the composite cell product or immunosuppression regimen. This serious adverse event was a subretinal hemorrhage that was reported during routine follow up. The authors stated that this subretinal hemorrhage had "substantially resolved" during the last follow up visit at 180 days. The subject received one injection of an anti-VEGF agent (bevacizumab), presumably aiming to treat suspected or presumed choroidal neovascular membrane formation, or macular edema, that could be associated with retinal hemorrhages.
In contrast to this one case of serious hemorrhage, mild or moderate intraoperative or postoperative hemorrhages were reported in all other subjects and these resolved spontaneously. Encouragingly, the authors did not report any uncontrolled proliferation or off-target cell delivery. The latter observation indicates that the attachment of the ESC-RPE cells was likely maintained on the parylene substrate during and after the surgical implantation procedure, thus containing the stem cell derivatives in a confined location during this period.
As a Phase 1/II study, this protocol was not powered to detect changes in visual function and it should be noted that this report was on the first five patients which was a consecutive initial subset of the full cohort. However a sustained gain in visual acuity of 17 letters and visual fixation ability improvement were detected in one patient (Kashani et al., 2018) . Other subjects showed stability of visual acuity over the study period. While data on the unoperated fellow eyes were included in the report as controls -and these showed stability or decline in visual acuity over time -it should be noted that these were the better-seeing eyes in all subjects and so in principle had greater potential for visual acuity decline than the study eyes.
High-resolution in vivo imaging of the anatomy of the overlying retina in subjects showed signs of possible restoration of outer retinal lamina in some regions overlying the implant. The authors interpreted (Kashani et al., 2018) . Reprinted with permission from AAAS. these imaging data as possible photoreceptor layer restoration and/or integration with the ESC-RPE cells of the CPCB-RPE1 implant, although histological correlates are currently unavailable.
The surgical procedure under general anesthesia was initiated but not completed in one subject in whom the CPCB-RPE1 was not transplanted due to the presence of what was described as "intraoperative fibrinoid debris" in the subretinal space. The authors stated that subsequent surgeries were modified to prevent accumulation of subretinal debris (Kashani et al., 2018) . Perhaps preoperative indicators of this possible hindrance could be determined based on high-resolution retinal imaging.
Pfizer
Da Cruz and colleagues in the United Kingdom conducted a Phase I/ II study (clinicaltrials.gov identifier NCT01691261) of human ESC-derived RPE cells on a different synthetic basement membrane than the one used in CPCB-RPE1.
This study was sponsored by Pfizer Inc. Unique amongst other similar studies was the inclusion of subjects with exudative AMD -instead of dAMD -with evidence of good foveal fixation. Conceptually, patients with a relatively recent onset of exudative AMD will have significant numbers of remaining photoreceptor cells that could be highly amenable to rescue treatment by an RPE cellular implant, rather than photoreceptor cells that are compromised by dAMD which is a more chronic process. The outcome data from the first two enrolled subjects have been pubished (da Cruz et al., 2018) .
The RPE cells were originated from the SHEF-1.3 hESC line using a spontaneous differentiation method. Notably, the 10-μm thick synthetic basement membrane was composed of polyester (polyethylene terephthalate or PET) and was porous (Sterlitech, Washington, USA). The pores were sized at 0.4 μm and were arranged at a density of 1 × 10 8 pores per cm 2 . The membrane was coated with human vitronectin.
Overall, the patch measured 6 mm × 3 mm (total area 17 mm 2 ) (da Cruz et al., 2018) and was covered with approximately 100,000 cells. The patch was cut to this size with a purpose-built punch prior to implantation.
Preclinical safety assays
The investigators provided in-depth information about the preclinical safety assays in their publication (da Cruz et al., 2018) . The chief potential concern here was that of intraocular neoplasm formation. To address this potential safety issue, the investigators conducted mouse teratoma and in vitro cell-spiking studies. NIH III mice that were injected with undifferentiated hESCs formed teratomas. However, teratomas were not detected in mice injected with hESC-RPE cells in suspension. Interestingly, the investigators reported the presence of pigmented hESC-RPE cells that were lining the surface of the retinae and crystalline lenses of the injected eyes of certain mice after 26 weeks' observation. It is not clear how these cells were able to migrate from the subretinal transplant location into the vitreous cavity; however, it is comforting to know that these non-subretinal cells did not form tumors in the vitreous cavity and appeared to retain their identity as relatively mature, pigmented RPE cells during this interval.
In a further experiment, undifferentiated hESCs were spiked into the RPE cell culture (from 1% to 50% dose of the total cells) at the start of the expansion phase. This spiking did not have a detectable negative impact on the resulting RPE cultures. The resultant cultures showed the typical pigmented cobblestone appearance of mature RPE cells, along with immunohistochemical evidence of premelanosome formation as a marker of differentiation. Encouragingly, the cellular pluripotency marker Tra-1-60 that is typically present in undifferentiated hESC was not detectable after just two days post-spiking. These data indicate that the RPE differentiation medium did not support undifferentiated hESC survival. So the potential contamination of the RPE cultures with undifferentiated ESC remained as a largely theoretical concern and did not engender any practical negative impact on the overall safety of the cell product in terms of uncontrolled proliferation during cell culture.
Regulatory permission -granted by the UK Medicines and Health Products Regulatory Authority, the Gene Therapy Advisory Committee (GTAC), the Moorfields Research Governance Committee and the London-West London & GTAC Research Ethics Committee -allowed for enrollment of 10 patients in total.
Study design and surgical protocol
The composite cellular patch including its coated synthetic basement membrane was introduced into the subretinal space through the ab interno approach using a custom surgical delivery tool. The approach entailed a standard pars plana vitrectomy, purposeful induction of a poster vitreous detachment, and protocol-specified 360°laser application that was placed presumably as prophylaxis against possible retinal detachment. The therapeutic patch was introduced into the subretinal space via a retinotomy that was secured with laser application after the completion of patch insertion. The choroidal neovascular membrane was not removed intentionally but the authors stated that they could not exclude that it was removed inadvertently. Silicone oil tamponade was employed in all cases, and therefore a second surgical procedure was necessary for silicon oil removal as is consistent with typical clinical practice.
The custom surgical tool in this case was designed to protect the composite cellular patch until its implantation into the target location. The device consisted of a handle containing a mechanism by which the patch was pushed out axially as the surgeon manipulated a wheel manually (da Cruz et al., 2018) .
Regarding immunosuppression, both systemic and local agents were used. Up to 1 mg/kg oral prednisolone (up to 60 mg maximum) daily was given from days −2 or −4 to day 14 at the minimum and then tapered off. Sub-Tenon triamcinolone acetonide was administered after the patch implantation procedure. For the second procedure, the oral prednisolone regimen began at day −7 instead. Subjects also received an intravitreal implant of fluocinolone acetonide postoperatively which provided sustained intraocular (local) immunosuppression after the cessation of systemic oral prednisolone administration.
Outcome data
In-vivo imaging modalities were used to assess anatomical outcomes following transplantation. In the first patient, OCT and imaging showed the overlap of the native RPE and the patch in one area of the implant. The implant remained covered by the hESC-RPE cells for 12 months. Interestingly, darker pigmented areas was seen to grow into areas that were contiguous with the patch over six months, and the investigators took these to represent possible RPE cell migration away from the patch. However, the investigators judged that there was no evidence of neoplastic transformation during the period of observation. Long term data will be useful to show if the fate of these pigmented cells could change eventually if they are no longer directly confined to the PET membrane and vitronectin coating.
In terms of visual recovery, the 12-month change was +29 letters in patient one and +21 letters in patient two. These results should be interpreted with caution in the light of the absence of directly comparable control eyes in this protocol and the absence of a direct comparison with anti-VEGF monotherapy. The removal of the choroidal neovascular membrane, i.e. the chief pathological culprit in exudative AMD, was not intentionally carried out (unlike in the RIKEN trial (Mandai et al., 2017b) ); nevertheless there appeared to be no recurrent choroidal neovascular membrane activity over the study period.
The investigators detected a reduction in global photoreceptor function at six months, using full field electroretinography (FF-ERG) testing in both patients. This reduction persisted in patient one but recovered in patient two by the end of the observation period of 12 months. The exact causes, and long-term consequences, of this apparent pan-photoreceptoral disturbance are currently unclear, but are of interest as a potential safety issue as the FF-ERG measures the summed function of all retinal photoreceptor cells -the majority of which herein were not affected by exudative AMD, were located distant from the implant and outside the macula, and by this result have shown a possible reduction in functionality. The macular photoreceptors over the implant, however, demonstrated functional improvements from baseline (in visual acuity, reading speed and contrast sensitivity). It is conceivable that the functional improvements detected in these macular photoreceptors could have been blunted by the apparent global reduction in photoreceptor function.
In terms of other safety signals, the investigators describe three serious adverse events, and these were judged to be unrelated to the therapeutic composite patch (da Cruz et al., 2018) . Patient one experienced suture exposure requiring surface revision surgery. In patient two, a worsening of diabetic status was detected following oral prednisolone immunosuppressive therapy and a retinal detachment was detected at eight weeks postoperatively (being absent four weeks prior to detection). This detachment was associated with PVR under silicon oil tamponade and was described as a tractional retinal detachment that was distant from the implant. Surgical repair of this retinal detachment was carried out with peeling of the PVR membranes and 180°re-tinectomy with continued silicone oil tamponade. In a third procedure, the silicone oil was removed and the retina was noted to remain fully attached. There was an epiretinal band causing focal traction on the macular surface that was not treated. It is not currently possible to know for sure if the presence of hESC-RPE cells, either on the synthetic membrane as intended or possibly at off-target locations such as the epiretinal surface or vitreous cavity, had contributed to the PVR process, although this can be considered as a plausible mechanism of PVR development in this case.
Longer observation than 12 months -of the full cohort -will be required to fully educate peers and potential consumers on the actual and potential safety concerns of retinal detachment, PVR, macular traction, unanticipated cellular proliferation or migration and intraocular pressure increase, among other risks. Nevertheless the data indicate the feasibility of manufacturing and delivering an hESC-RPE monolayer supported on a synthetic basement membrane in patients with recent-onset exudative AMD. The success of this proposed stem cell based intervention compared to the typical current treatment of this condition with intraocular anti-VEGF medications remains to be explored.
Stem cell ophthalmology treatment study (Scots)
The Stem Cell Ophthalmology Treatment Study (SCOTS) may be the largest non-FDA registered, patient funded clinical trial in stem cell therapy for ocular disease. Final results have not been published.
The study involves a single-physician study treating patients in Florida or Dubai (Johnson, 2017) . The trial has no sham or control arm, but it does have three different arms offering a range of intravenous, subtenons, retrobulbar, intravitreal, or subretinal injection of autologous bone marrow derived stem cells, depending on disease severity and fellow-eye status. Specific conditions listed include "retinal disease," macular degeneration, hereditary retinal dystrophy, optic nerve disease, and glaucoma. The patients have to pay in the region of $15,000-20,000 to join the 'clinical trial'.
The primary outcome measure as listed on clinicaltrials.gov is "best corrected visual acuity … measured with Snellen Eye Chart and the [Early Treatment Diabetic Retinopathy Study] Eye Chart when available at each post-procedure visit." (US Clinical Trials.gov, 2018) Secondary outcome measures include visual field outcomes, although no exact form of field analysis is prespecified. The estimated enrolment is 300. The one-year study started August 2013 and is estimated to finish in August 2019. A second SCOTSII trial was registered with clinicaltrials.gov starting in 2016 (Clinicaltrials.gov, 2018). The SCOTSII study is largely similar to SCOTS but adds specific mention of OCT as a secondary outcome measure. In the press it has been reported that over 500 patients have been treated with stem cells by the physician providing these treatments (Lade, 2017) , it is unclear how many of these were enrolled in the SCOTS. The SCOTS has reported outcomes in at least 5 peer-reviewed open access publications. Three case reports reveal remarkable results in three patients with idiopathic bilateral optic neuritis , relapsing optic neuropathy , or serpiginous choroidopathy . Five cases of Leber's hereditary optic neuropathy showed improved vision in all cases, although average visual change is not reported in the manuscript . Ten cases of bilateral non-arteritic ischemic retinopathy were reported with visual acuity benefit documented in all patients (Weiss et al., 2017) .
In the lay press numerous positive outcomes have been reported (Stem Cells, 2018) and it has been reported that "for retinitis pigmentosa … approximately 45 percent of the patients [gained] seven or more lines of vision (Mertens, 2018) ." This result has yet to be published in the peer-reviewed literature. The reported safety data seems remarkably good, with no adverse events reported in any of the 18 cases in the scientific literature. At least one case of retinal detachment has been recorded in the literature by other clinicians treating a patient after the procedure (Leung et al., 2016) . This suggests that currently available reports are likely best outcome cases. Furthermore, the trial is not registered with the FDA, and thus has limited if any oversight. Ethical concerns among some participants have focused on poor informed consent with less than complete details of potential harm related to the treatment (Kemp, 2018) .
Ethical and scientific issues regarding patient-funded research need to be considered. Both treating physicians and patients may not be in equipoise regarding patient outcome as relatively large sums of money are involved. A selection bias may be introduced into the study by only allowing participation by those who are able to pay. Patient-funded research also raises social justice and access issues, because people who are unwilling or unable to pay are excluded from participating in clinical trials that should be open to all patients that fit the selection criteria based on medical grounds (Amezcua and Nelson, 2017) .
Reported adverse events outside clinical trials
The risks of these procedures, especially for retinal disease, is significant. Kuriyan et al. reported a case series of three patients who underwent bilateral, same day, intravitreal injection of autologous adipose tissue-derived "stem cells" for AMD not regulated by the FDA .
Adipose tissue was harvested in all cases on the same day as the intravitreal injection by means of periumbilical liposuction and same day processing detailed in the report. The patients paid $5000 for each procedure. The consequences of this for-cash procedure were devastating. Five out of six eyes exhibited evidence of weakness of the crystalline lens or capsule, which may have occurred as a consequence of zonular enzymatic degradation possibly by enzymes used for "stem cell" preparation. Also, five of six treated eyes in the three patients developing epiretinal membranes and delayed severe retinal detachments (Fig. 9) , resulting in visual acuities ranging from 20/200 to no light perception in the better eye at one year of follow-up, in spite of multiple surgeries for retinal detachment. Visual acuities in the better seeing eye prior to the procedures had ranged from 20/30 to 20/50.
A similar case of intravitreal "stem cell" injections at a different, unaffiliated stem cell clinic with blinding complications, including severe bilateral retinal detachments has been recently reported (Saraf et al., 2017) . In this case, the patient received the treatment for exudative macular degeneration and experienced vision loss from 20/200 in the right eye and 20/400 in the left, prior to the procedure, to hand motion in the right eye and light perception in the left, after the procedure. A third report documented poor outcomes including retinal detachment after subretinal injection of stem cells at a third facility M.S. Singh, et al. Progress in Retinal and Eye Research xxx (xxxx) xxxx (Leung et al., 2016) . A fourth report documents a retinal detachment following intravitreal adipose tissue derived stem cells with vision loss from 20/50 to hand motions vision (Rong et al., 2018) . The detachments detailed in these reports occurred days to weeks after the intravitreal injection and often with the appearance of epiretinal membranes and proliferative vitreoretinopathy (Figs. 9 and 10). Together, these cases establish that the scope of the problem with unproven "stem cell" therapy for retinal disease is not limited to one site or one disease. It is possible that the preparations of adipose-derived "stem cells" used for intravitreal injection, may include autologous fibroblasts or cells that differentiate into autologous fibroblasts (Gimble et al., 2007) . Intravitreal injection of autologous fibroblasts is a classic animal model of vitreoretinopathy and retinal detachment (Agrawal et al., 2007) and may explain the multitude of retinal detachments after intravitreal "stem cell" injection. It is therefore essential for any viable intravitreal stem cell therapy to establish exactly which cell populations are injected in the eye and how these cells differentiate in the eye after injection.
Future directions
The promise of stem cell therapy to preserve or restore vision in retinal degenerative diseases is finally taking shape. Whereas a decade ago, such ideas were confined to basic and translational laboratories, in the current era, stem cell transplantation into the retina is finally in human clinical trials in the setting of well-run registered clinical trials with the oversight of the FDA and appropriate ethical and safety review infrastructure built in. These aspects promote the protection of study subjects from undue harm, and facilitate the dissemination of the results to the scientific community and the peer review process.
Excitingly, a variety of cell products are in evaluation -including fetal derived cells, umbilical cells and retinal cellular derivatives from pluripotent sources including ESCs and iPSCs. Hopefully, over time, we will better understand which cell source is the best therapy for the different indications of dAMD, exudative AMD, RP, Stargardt disease, and other conditions -in their early manifestations, but also in the late stages of established outer retinal atrophy. Encouragingly, a variety of cellular scaffolds are also in clinical trials evaluation and this will afford an indirect comparison with dissociated cell suspension transplants. The reader is directed to two recent comprehensive reviews (Hunt et al., 2018; Wang et al., 2018) on the subject of scaffolds in retinal regenerative treatment.
However, numerous challenges remain to be addressed. A major difficulty with the use of cellular therapies is that the disease process may affect multiple retinal cell types or arise in one cell and then affect adjacent cells. In the case of dry AMD, for example, the retinal pigment epithelium (RPE), photoreceptors, and choriocapillaris may all be affected to some degree without a clear sequential progression of cell loss OCT of the right eye of a 78-year-old woman having received intravitreal injection of adipose-derived stem cells one week prior to presentation. She suffered profound vision loss immediately following injection from 20/50 to hand motions vision. Seventeen days after injection, she developed a combined traction-rhegmatogenous retinal detachment in this eye (C). After surgical repair, her final visual acuity was counting fingers vision. The OCT and infrared images demonstrate the robust ERM after adipose-derived stem cell injection that was not there prior to injection. The data from this patient have been reported in this reference , however none of these images were published. (Ratnapriya and Chew, 2013; Shen et al., 2007) . This poses issues for the ability of transplanted cells of a single subtype to not only restore function but also to halt ongoing degeneration. One potential solution is to use more complex multilayered grafts containing two or more cell types. However, this potential solution of using multilayered grafts to faithfully recapitulate outer retinal anatomy has not been fully explored in basic science experiments nor in clinical trials. Another alternative is to intervene earlier in the course of disease, when the transplanted cells could integrate into the existing layers and engender survival of neighboring cell types. This approach may be more technically straightforward, but must be weighed against the safety profile of the transplanted cells and procedure in early stage disease.
The advent of CRISPR gene editing technology (Jinek et al., 2012; Mali et al., 2013) may provide avenues to correct genetic mutations in self-derived stem cells (Burnight et al., 2018) prior to autologous transplantation. CRISPR gene editing has been used to correct diseasecausing mutations in stem cell organoids of cystic fibrosis (Schwank et al., 2013) , colorectal cancer (Roper et al., 2017) and retinitis pigmentosa (Deng et al., 2018) . Gene editing is not yet being investigated in as a tool within clinical trials of retinal stem cell treatment. Its future use in removing disease-causing mutations in therapeutic cells may pose additional risks related to off-target mutagenesis (Fu et al., 2013) that will need to be comprehensively characterized, understood and mitigated as far as possible prior to clinical application in autologous stem cell therapy. Ex-vivo gene editing in the context of stem cell therapy may pose a lower risk level, and could be easier to assess, than in vivo gene editing.
It is difficult to overstate the grave concern that arises with the administration of scientifically unproven and unregulated retinal cell therapy products, that have not been prepared in a safe and standardized manner, to vulnerable patients who are desperate for a treatment for their condition. The publication of serious adverse events in the peer-reviewed scientific literature Leung et al., 2016; Saraf et al., 2017) has rightly sounded the alarm. Hopefully, patients who are contemplating such treatments will have access to this important information regarding the very severe complications that can occur, including the complete and irreversible loss of vision. Physicians who encounter patients who have experienced complications after receiving retinal cell therapy with poor scientific foundations or no regulatory oversight should feel compelled to report these instances in highly visible peer-reviewed scientific journals.
It is also worthwhile to comment on how peer-reviewed published research from well-run institutional teams could prompt over-enthusiasm in the lay or generalist reader. The publication of very shortterm observations of safety and possible efficacy outcomes effects could lead to scientifically unfounded over-optimism to the non-specialist audience. The publication of these early observations are typically important for continued milestone-based funding -and make for strong headlines -but do not address the clinically relevant concerns of delayed adverse events and sustained functional effects. It will be important for established groups to lead the way in the culture of scientific reporting by emphasizing outcome data that arise from cohorts of reasonable size, followed for an appropriate length of time, following stem cell transplantation. Long-term data more fully address concerns regarding delayed adverse events relevant to cell proliferation, such as tractional retinal detachment, and the longevity of the stabilization or improvement in vision in transplant recipients.
With the combined expertise and resources of well-established academic centers, corporate partners and sponsors, foundations, government research institutes, and regulatory authorities, the future appears bright. The cutting edge progress in the development of gene-and cell-based therapeutics for the retina, together with the well-established work in the hematopoietic system, plus the recent flurry of excitement surrounding the use of CAR-T cells for cancer (Davila et al., 2014; Kalos et al., 2011) , all combine to signal the advent of the age of regenerative medicine. 
